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Abstract 
 The purpose of this Major Qualifying Project was to analyze and design a structural 
system for an illustrative commercial building in Worcester, Massachusetts.  The design 
process included an architectural layout, structural framing options using both steel and 
concrete, a dome roof, and a partial glass curtain wall.  The work was completed in 
compliance with the IBC and local building codes. Several structural materials and 
strategies were evaluated to produce a final, cost-effective, design recommendation, which 
was presented in Revit Models. 
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Capstone Design 
 In this Major Qualifying Project the group designed a two-story commercial building 
in Worcester, Massachusetts.  Upon completing the project the group satisfied the 
requirements necessary for Capstone Design.  The project team analyzed several different 
structural designs and also investigated the design and construction of a dome roof and 
partial glass curtain wall.  All of the structural members were designed in accordance with 
ACI, ASCE 7, and Massachusetts State Building Code 7th Edition.  The challenges the group 
faced involve five realistic constraints including economics, sustainability, constructability, 
ethics, and health and safety.  Each realistic constraint is discussed below. 
Economics 
 The group provided a cost estimate for each element of the design process.  This 
included the overall cost of the building based on the different types of rooms, concrete, 
steel and glass considered in several design alternatives.  By comparing the costs of the 
various designs the most cost efficient scenario was discovered. 
Sustainability 
 A dome roof and partial glass curtain wall were designed.  Both design elements 
emit natural light into the building.  This limits the amount of lighting and heating required 
in the building during the sunlight hours of the day thus reducing overall heating and 
electric bills. 
Constructability 
 The group created several design scenarios including various beam, column, and 
girder sizes and material types (concrete vs. steel) as well as investigated various different 
column layouts.  For both steel and concrete designs member sizes were designed with as 
much repetition as possible and standard sizes for each type of member were used. 
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1.0 Introduction and Project Statement 
 Commercial buildings represent a large portion of new construction projects 
throughout the U.S.  Commercial buildings designed for consumer interaction and sales 
often present unique structural and architectural design challenges due to the emphasis on 
aesthetics and performance. This Major Qualifying Project investigated the design of a two-
story commercial building with a large span lobby for sales agents and consumers. The 
group used the project to demonstrate fundamental knowledge of civil engineering gained 
from undergraduate courses at WPI.  Topics not covered in the undergraduate curriculum 
were researched and explored including the design and construction of a dome roof and a 
partial glass curtain wall. 
The project team’s goal was to design an architectural plan and structural system 
that is cost effective, safe, and accommodating to the proposed use. The project team 
established an architectural layout and floor plan based on the building’s projected 
commercial use. The floor plan and building layout were designed in accordance with the 
Massachusetts State Building Code 7th Edition. The team then designed a structural framing 
system. All principle structural members were designed, including beams, girders, columns, 
connections, and foundation elements. Frame designs investigated both steel and concrete 
construction. Both materials were compared and analyzed resulting in one final, cost-
effective structural frame using one of the materials. To explore new areas of interest the 
group included a dome roof, a front glass wall, and a large span lobby in the design. The 
team compared several different structural strategies and materials to review their 
implications on the economics, performance, and constructability of the structure. 
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2.0 Background 
 This background section discusses the research base that contributed to the 
development of this Major Qualifying Project.  The below sections present the information 
collected regarding the various elements of the building and the structural design and 
analysis processes of those elements. 
2.1 Building Purpose and Location 
 In order to begin the building design process the group had to determine the 
general purpose of the building and its location.  The sections below discuss the 
background research to define the purpose and location. 
2.1.1 Purpose 
 As stated in the introduction the group designed a general commercial building.  The 
specific purpose was not identified; however, the building is capable of accommodating 
several different purposes. The design plan includes an open lobby at its center which 
serves as space for consumers and a front desk or cash register. The building also provides 
office space with several different size offices for various ranking employees. Architectural 
references such as, Time Saver Standards (Callender, John Hancock, 1966), provided 
general floor dimensions and layouts of various aspects of commercial buildings which 
were used in the building design process.  The group also considered floor plans of WPI’s 
Bartlett Center as input to the overall layout and exterior dimensions of the proposed 
building. 
2.1.2 Location & Zoning 
 In order to realistically design the building and adapt to real constraints, an actual 
site was identified within WPI’s general area. The group required access to geotechnical 
data and site drawings. A convenient and fitting local development was WPI’s Gateway 
Park. Gateway Park is a joint venture of WPI and Worcester Business Development 
Corporation (WBDC). The park is a mixed-use development intended for life science and 
biotechnology companies.  Gateway Park currently has three open sites which may serve as 
appropriate example sites for this project. (Worcester Polytechnic Institute).  These three 
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sites vary in buildable area which allowed the group to be less restricted when designing 
the overall size of the building.  The three sites are 80,000 square feet, 100,000 square feet, 
and 140,000 square feet (Worcester Polytechnic Institute). The park’s connection to WPI 
allowed the group to access site information without difficulty.  Although the group’s 
commercial building does not fit with Gateway Park’s mission, the available site data is 
convenient and meets the needs of this illustrative project. 
 When proposing new building construction it is important to review and follow 
local zoning laws. Certain zoning districts provide different permitted uses and building 
restrictions. Gateway Park falls into the medical district of the City of Worcester Zoning 
Ordinance (Worcester (Mass.) City Council, 2011). The proposed building could 
accommodate uses that fall into several building use categories which include motor 
vehicle sales, retail sales, or offices. None of these uses are permitted within the medical 
district of the City of Worcester Zoning Ordinance; however, for the purpose of this project, 
the group disregarded that restriction. In order to demonstrate the group’s ability to adapt 
building design to the local zoning district, the group followed the restrictions of the 
general business district listed as BG-3.0. BG-3.0 restrictions include a maximum floor area 
ratio of 3 to 1 and a maximum building height of 100 feet (Worcester (Mass.) City Council, 
2011). 
2.2 Structural Design 
 The structural design of the building was a major focus of the project.  When 
designing the steel and concrete structural framing elements the group followed the 
provisions of the Massachusetts State Building Code 7th Edition (Commonwealth of 
Massachusetts, 2008). The building code provides design values for floor loadings based on 
room functionality. It also defines other design loads including snow, wind, rain, and 
earthquake. To establish the most effective design it was necessary to compare different 
framing schemes and corresponding costs. Costs were calculated using estimated unit costs 
per ton of steel and volume of concrete. Individual members were designed to use as little 
material as possible while handling design loads and meeting code restrictions.  Member 
sizes throughout the building were also designed to be as repetitive as possible while using 
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standard dimensions.  The group referred to the appropriate AISC (American Institute of 
Steel Construction, 2005) and ACI (Building Code Requirements for Reinforced Concrete 
(ACI318), 1983) specifications for material properties and design criteria. 
2.3 Foundation Design 
 Foundation design is an essential aspect of the overall structural design of a 
building. Foundations are responsible for transferring all loads from the building to the 
supporting ground. They are designed in such a way that they have adequate strength to 
transfer and spread the load so that the soil will not be overstressed in bearing and 
foundation elements will have acceptable settlement. Improper settlement in the soils can 
create overstressed members and cause unexpected damage to structural and non-
structural elements. Therefore, foundations are designed based on the properties of the 
underlying soils.  
 Investigating soil properties for a given site is accomplished through many different 
strategies. The most common strategy is through the use of boring holes. Boring holes are 
small circular holes that extend deep into the ground and allow soil samples to be 
extracted. Samples can be tested on site or transported to a lab to determine characteristics 
such as soil type, color, water content, density, and compressive strength. Samples are 
taken throughout the boring process which allow for soil layers and depths to be identified. 
A thorough site investigation involves several boring holes. By combining data from several 
boring holes engineers are able to create a composite soil profile to use in the foundation 
design (Conduto, Donald P, 1994). 
 There are two basic types of foundations: shallow foundations and deep 
foundations. Deep foundations are the more expensive and complicated of the two and are 
mostly used for high rise buildings or sites with poor soil conditions. Deep foundations 
consist of several long piles that extend deep into the ground. Since soil conditions typically 
improve as depth increases, deep foundations are effective since they bypass poor, shallow 
soils and transfer the load to deeper and stronger soils (Conduto, Donald P, 1994).  
 Shallow foundations are the more popular and cost effective foundation type. 
Within shallow foundations are spread footings and mat foundations. Spread footings 
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involve several individually designed foundations (typically one under each column) while 
mat foundations involve one large area that covers the entire building floor. Spread 
footings require less concrete and therefore are the more cost effective type and will be 
used for this project. 
 Spread footings are designed with adequate strength to transfer the given load, 
based on the bearing capacity and settlement of the underlying soil. Bearing pressure is a 
parameter that defines the pressure between the bottom of the foundation and the contact 
soil. The Massachusetts State Building Code 7th Edition (Commonwealth of Massachusetts, 
2008) provides prescriptive values for the allowable net bearing pressure based on the soil 
type. For only downward vertical loads, net bearing pressure is easily calculated by 
dividing the load by the area of the bottom of the foundation. Calculations are more 
complex when moment or eccentric loads are involved; however, these loads are rarely 
present in simple building structures. Determining the bearing capacity of the underlying 
soil can be done using several different methods which vary in complexity and accuracy. A 
popular and effective method is Terzaghi’s method which requires knowledge of the 
underlying soil’s cohesion, effective stress, and unit weight (Conduto, Donald P, 1994). 
 The second foundation design factor is settlement analysis. Excessive soil settlement 
can disrupt the geometry of a structural frame and create overstressed members. To avoid 
this, foundations must be designed to limit settlement, typically to 1 or 2 inches. Settlement 
analysis is based on the vertical effective stress of the underlying soils and the 
corresponding elastic strain. Two separate strategies for settlement analysis are available 
based on whether the underlying soils are cohesive or cohesionless (Conduto, Donald P, 
1994). 
2.4 Dome Roofs 
 A dome roof is a structural system that helps a building stand out for its 
architectural uniqueness.  The dome can be constructed of concrete or glass with steel 
framing.  In order to allow natural light to be emitted into the building, the group will 
design a glass dome with steel framing.  The extra natural light entering the building 
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lessens the demand for electrical lighting and heating during the sunlight hours of the day 
and will therefore lessen energy use. 
 There are several different types of domes, and the distinction between the different 
types depends on the layout of the framework.  The typical dome styles that are built today 
are: 
 Schwedler 
 Lamella 
 Parallel lamella 
 Hexagonal 
All of these dome styles have different steel framing layouts (Callender, John Hancock, 
1966). 
 The first step in the design process is determining the overall size of the dome.  The 
overall span depends on the area of the building over which the dome will be built.  Then, 
to find the height of the dome a typical ratio used by architects and engineers is a 1/5 to 
1/8 rise to span ratio (Callender, John Hancock, 1966).  The group also found an example of 
a Schwedler Dome designed with a ¼ rise to span ratio (Loganathan, S., Morgan, R.S.).  Once 
the engineer or architect has the overall height and length of the dome, the size of the 
structural framing can be determined.  The size of the steel framing widely depends on the 
type of dome as well as the height and span.  When looking at a dome made out of steel and 
glass it appears to be an arch; however, the entire system is actually polygonal, made 
completely out of straight members.  In a typical design the steel framing members are 
between 15 and 25 feet long (Callender, John Hancock, 1966). 
 After the dome is designed with its span, height, and member size the structural 
analysis can be completed in order to determine if the dome will be able to withstand its 
expected design loads.  The analysis calculates the forces in the members and at the joints 
of the dome.  Since steel-framed domes are made completely from straight members the 
analysis is completed using knowledge of statics.  It is not, however, as simple as the beam, 
girder, and column analysis of a building for example.  A dome has members acting in the x, 
y, and z direction, and a 3D analysis is required, instead of the planar analysis used for 
other aspects of the building, making simple statics become much more complicated 
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(Salvadori, Mario, 1971).  The statics can be done by hand; however, it would take a long 
time due to the complication of having forces in the x, y, and z direction.  Therefore, most 
engineers use a computer software program to do the structural analysis.  MASTAN2 
(McGuire, William, Ziemian, Roland D) is a software program that the group used for the 
analysis.  By modeling the structural geometry of the dome and its associated design loads, 
MASTAN2 (McGuire, William, Ziemian, Roland D) displays the calculated forces in every 
direction in the members and joints. 
 Once all the forces are determined, the member size (type of steel) and the force 
distribution into the supporting columns and beams is determined.  The force distribution 
into the supports is simply the forces acting on the joints connected to the supporting 
columns and beams.  These forces are then used when completing the structural analysis of 
the girders, beams, and columns.  In a typical dome design, rolled steel sections are used 
because the section sizes are easy to find in standard steel sizes. (Callender, John Hancock, 
1966). 
For a typical glass roof toughened safety glass is used.  A type of toughened safety 
glass is sealed, double glazed units (Conservatory Quote Online).   Sealed, double glazed 
units have two different glass layers.  The outer layer is standard or tempered glass, 
whereas, the inner layer is laminated glass.  There are two layers so that if the outer layer 
of glass breaks it will be caught by the inner layer.  Sealed double-glazed units also work as 
thermal insulators which helps keep warm air in the building during the winter and keep 
air conditioned, cooler air during the warmer seasons (Double Glazing 4 Windows). 
2.5 Glass Curtain Walls 
Curtain walls are defined by any non-gravity-load-bearing wall (Brock, Linda, 2005). 
The most common type of curtain wall is the metal and glass wall.  Metal and glass walls 
were first used in the 1950’s and 1960’s; however, glass was too expensive at the time to 
become a popular wall material (Brock, Linda, 2005).  Today glass manufacturing has 
advanced to accommodate just about any building need, including curved, reflective, 
colored, and translucent walls (Brock, Linda, 2005).  Glass curtain walls are extremely 
useful due to their ability to make use of natural light and to provide transparency.  
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Transparency is also important for commercial and retail buildings to advertise and display 
products from inside the building to consumers passing by. 
 Most glass curtain walls use an aluminum frame.  Copper, stainless steel and other 
forms of steel are also available options; however, they are more expensive and not nearly 
as popular as aluminum (Brock, Linda, 2005).  There are two distinct forms of the metal 
and glass curtain wall which are the stick system and the unit system.  The major difference 
between the two is that the stick system is installed piece by piece on site, while the unit 
system is prefabricated by the manufacturer.  The stick system is slightly less expensive 
due to the lower transportation to site costs and the ability to construct several parts of the 
wall at once.  It is most suitable for small projects.  The drawback to the stick system is the 
quality of the installation which is performed on site by workers who are typically non-
skilled.  The unit system is fabricated in sections (usually by floor). This allows for the 
fabrication to be completed in a factory setting by experienced workers in a more efficient 
manner. While it is more expensive, it allows for quicker on-site installation.  Transporting 
the large sections to site can be difficult depending on the site constraints. 
 Glass technology has improved rapidly over the last several years.  Today there are 
many forms of glazing treatment that can affect the thermodynamics, bending strength, 
transparency, and reflectiveness of glass.  Glass can be annealed or fully tempered, which 
greatly improves its bending strength.  Float glass is the most transparent which allows 75 
to 92 percent of visible light to pass through (Brock, Linda, 2005).  Tinted glass comes in 
several colors and absorbs heat but also reduces the amount of natural light emitted into 
the building.  Several coatings are available which can enhance the reflective and 
absorption properties of the glass. 
 Curtain walls are designed by collaboration amongst the architect, structural 
engineer, manufacturer, and energy consultants working on the project. (Horowitz, J. M., 
1991) The major design factors depend on the local climate and required wall performance 
based on the building use.  The local climate will provide the wind and seismic loads which 
will affect glass type and framing size.  Local climate will also define the desired 
thermodynamic properties of the glass depending on whether heating or cooling is more 
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cost restrictive in the area.  The building use will decide the amount of transparency 
required and also the allowable size of the framing.  
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3.0 Methodology 
 The preceding chapter has given background information into the areas of study of 
the project and has provided a base for defining the various tasks needed to complete each 
major area of study.  The following methodology discusses the approach to complete each 
task. 
3.1 Structural Design and Geometry 
This section discusses how the group determined the building layout, geometry, and 
structural framing.  Creating the basic floor plans of the building was essential for defining 
the structural framework and proportioning the structural elements.  All floor plans and 
elevations were drawn using AutoCAD and are shown in Section 4.1 Building Geometry and 
Appendix B – Building Geometry Procedure of this report.  Time Saver Standards 
(Callender, John Hancock, 1966) is an architectural guideline resource that contributed to 
the building geometry.  Designing the structural framing included beam, girder, and column 
design. 
3.1.1 Building Geometry 
The sequence with which the building geometry was designed is outlined in the flow 
chart below. 
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Figure 1 – Building Structural Geometry Flow Chart 
3.1.1.1 Overall Size and Exterior Geometry of Building 
 Based on the purpose of the building the group considered floor plans of similar 
structures as references when designing the major aspects of the proposed building.  The 
Massachusetts State Building Codes 7th Edition and City of Worcester Zoning Ordinance were 
used in the process because they impose height and area restrictions.  The building was 
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designed in a way that it is large enough to meet its function and still comply with the 
restrictions presented in the building and zoning codes. 
3.1.1.2 Site Selection 
 The group researched pre-existing open sites within the general area of WPI.  WPI is 
currently expanding their campus in an area called Gateway Park.  This expansion area was 
considered an ideal location for the proposed building.  The group researched maps and 
open site locations at Gateway Park that could be used for the proposed building. 
3.1.1.3 Building Geometry Floor Configuration 
 After mapping out the exterior and major areas of the building the group went more 
in depth into the functional layout and interior rooms.  The group used Time Saver 
Standards (Callender, John Hancock, 1966), WPI Bartlett Center: Construction Documents, 
and fire codes to determine hall, stair, office, elevator, bathroom, and conference room 
placement and sizes.  Fire codes based off the Massachusetts State Building Code 7th Edition 
(Commonwealth of Massachusetts, 2008) were crucial in this process because fire codes 
have specific means of egress criteria for stair and hallway placement and sizes due to 
emergency exits as well as for dead end corridor lengths 
3.1.1.4 Cost Estimate 
 Using 2010 National Construction Estimator 58th Edition (Ogershok, Dave, Pray, 
Richard, 2010) the group developed an in-depth cost analysis of the building based on its 
geometry and layout.  Before developing the cost analysis the group first had to establish 
specifications for the principle system.  The group used the 2010 National Construction 
Estimator 58th Edition (Ogershok, Dave, Pray, Richard, 2010) to identify the most commonly 
used elements of buildings and for areas such as electricity and security systems the group 
chose prices that best fit the proposed building’s needs.  The group included costs for the 
following building elements and systems: 
 Interior and exterior walls 
 Doors and windows 
 Masonry 
 Flooring 
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 Roofing 
 Thermal and moisture protection 
 Fire protection 
 Security systems 
 Electrical systems 
 Elevators and stairs 
 Project overhead 
This initial cost analysis, however, did not include major costs such as structural members 
and floor slab costs, the dome roof, and front glass curtain wall.  These additional costs 
were analyzed separately using information obtained from the completion of each 
structural design.  The final cost was then calculated by adding all the costs of each portion 
of the building.  Other major costs that were not involved in this cost analysis are discussed 
more in the cost analysis section of this report. 
3.1.2 Concrete and Steel Structural Design 
  The project group designed a steel and reinforced concrete structural system using 
the LRFD approach in accordance with Massachusetts State Building Code 7th Edition 
(Commonwealth of Massachusetts, 2008), AISC (American Institute of Steel Construction, 
2005), and ACI (Building Code Requirements for Reinforced Concrete (ACI318), 1983).  It 
was broken into several areas such as column, beam, girder, connection, foundation design 
and a design for a large span.  Spreadsheets were created for repetitive calculations. RISA 
(Risa Technologies ) and Mastan 2 (McGuire, William, Ziemian, Roland D) were also used 
for design or review of members. The group also designed typical foundation elements 
based upon sample geotechnical data for the site area. Below is a flow chart showing the 
principal activities in the structural design process.  The flow chart also ties the building 
geometry into the structural design. 
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Figure 2 – Structural Design Flow Chart 
3.1.2.1 Determine loadings 
 To start the design process the group first determined the loads acting on the 
building based on the Massachusetts State Building Code 7th Edition (MSBC). For certain 
loadings, such as the snow load, wind load, and earthquake load, the MSBC instructs 
designers to adhere to the provisions of ASCE 7-05. 
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3.1.2.2 Column Layout 
 The group evaluated two different column layouts to properly transfer loads 
between floors. This task was closely related to the building geometry discussed earlier 
since columns disrupt open space.  The two column layouts can be seen in Section 4.2 
Preliminary Design of this report.  The layouts were established based off the building 
geometry and elements such as the dome roof.  The group also referenced WPI Bartlett 
Center: Construction Documents when determining the layouts. 
3.1.2.3 Floor Design 
 Once the beam, girder, and column layout was established, the group designed a 
floor system capable of transferring loads from open bays to the structural members. For 
the steel design, the group chose to use a steel decking system which is the most popular 
floor system within steel structures. Vulcraft is one of the top manufacturers of steel 
decking in the U.S. and provides online catalogs detailing the structural properties of their 
products. Vulcraft provided tables identifying allowable span distance and loading for each 
decking system based on the distance between beams and girders (Vulcraft, 2005). The 
group chose the lightest available decking capable of transferring the necessary loads. For 
the concrete design the group designed a one-way reinforced concrete.  
3.1.2.4 Beam Design 
 Beam design was accomplished through the use of spreadsheets. For the steel beam 
design, the group frequently referenced the AISC Steel Construction Manual (American 
Institute of Steel Construction), Structural Steel Design (McCormac, Jack C, 2008), as well as 
class notes from CE 3006. Throughout the concrete design the group referenced Design of 
Concrete Structures (Darwin, David, Charles W. Dolan, and Arthur H. Nilson, 2010) and class 
notes from CE 3008 for the concrete design. The spreadsheets provided a tool to perform 
repetitive calculations based on given loadings and beam properties. The following checks 
were performed to ensure the beam would not fail under the given loading: 
 Flexural Capacity 
 Deflection 
 Shear 
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An important assumption the group made for the steel design was that lateral torsional 
buckling would not occur since the floor system would provide adequate lateral support to 
the compression flange. The structure was designed for un-shored construction, and 
consequently deflection checks were performed for both in-service and during 
construction conditions. The construction conditions included a live load of 20 pounds per 
foot and a ten percent increase in concrete weight for ponding. For the steel design, non-
composite beams were designed first, and then composite beams were designed for the 
larger members in order to provide a second alternative. Local buckling checks were 
performed to ensure the members could reach plastic capacity and elastic capacity was 
used for members that did not meet the requirements. A copy of the spreadsheet used for 
both composite and non-composite beams is shown in Appendix F - Steel Design 
Spreadsheets and a copy of the spreadsheet used for the concrete design can be found in 
Appendix G – Concrete Design Spreadsheets. The group also considered open-web steel 
joists as a beam system for the steel design. The open-web steel joists were chosen from 
Vulcraft’s product catalog which provided allowable loads for certain spans (Vulcraft, 
2007). 
3.1.2.5 Large Span Strategy 
 Since the lobby must be open space, the group needed to design a system capable of 
covering the 40’ span. The dome ceiling was also located above the lobby which meant the 
system had to support the dome and not interfere with the dome. The group discussed 
different beam materials that could be feasible for the load and span. The group then 
designed the several beams using the same methods as described in the previous beam 
design section. Open-web joists and W-shapes were compared. The W-shapes were 
designed with pinned ends and fixed ends. The group compared the cost of each system to 
determine and select the most economical option. 
3.1.2.6 Cost Analysis 
 The group performed a cost analysis of the structural designs of the building.  Unit 
costs for concrete and steel from the 2010 National Construction Estimator 58th Edition 
(Ogershok, Dave, Pray, Richard, 2010) were used for the cost analysis.  In order to use these 
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costs the group determined the total volume of concrete used and the total number of tons 
of the different types of steel that are used throughout the each steel design.  For the 
concrete design the total volume of concrete used, the total number of tons or rebar, and 
the total number of stirrups used throughout each concrete design was calculated. 
3.1.3 Design Recommendations 
After all the different structural designs and layouts were completed the group 
made recommendations as to which design would be best for the building purpose.  The 
group argued that the design that is the most cost effective but is still capable of 
accommodating its function is most suitable for the building.  The group’s 
recommendations can be seen in section 6.1 Structural Design of this report. 
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3.2 Dome Roof 
This section discusses the methods for design and analysis of the two dome roof 
designs.  The scope includes the type of dome, overall size, member sizes, stress forces in 
the members, type of steel framing, and type of glass.  The group worked to find the most 
cost effective dome roof that emits sufficient natural light to alleviate the need for interior 
lighting in the section below the dome. 
3.2.1 Design and Structural Analysis of Dome 
The sequence with which the dome was structurally designed was primarily based 
on statics.  The group used MASTAN2, a structural analysis program, to calculate the forces 
in the members of the dome.  The flow chart below shows the process the group used to 
design the dome. 
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Figure 3 – Dome Roof Design Flow Chart 
As can be seen, by determining the steel size for the critical tension and compression 
members, in the flow chart the group designed the dome with the smallest possible steel 
framing while still being able to carry the loads.  Multiple types of domes were analyzed (all 
in the same process shown in the flow chart) and were then compared for cost 
effectiveness. 
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 3.2.1.1 Dome Layout 
 The dome layout depended on the type of domes that were designed.  The group 
used images of the different types of domes from Time Saver Standards (Callender, John 
Hancock, 1966) and Statics and Strength of Structures (Salvadori, Mario, 1971) to 
determine the layouts of the domes. 
3.2.1.2 Loads on Dome 
 The loads on the dome depended on the location of the site because different 
locations have different design loads for snow and wind.  The group determined the design 
loads from Massachusetts State Building Code 7th Edition (Commonwealth of Massachusetts, 
2008). The dead load and design imposed load, which is like a live load, was determined 
using recommended values in Steel Structures: Practical Design Studies (Nageim, Hassan A., 
MacGinley, Thomas J, 2005). 
3.2.1.3 Forces in Dome Members 
 A dome is subject to forces acting in the x, y, and z direction (Salvadori, Mario, 1971) 
which makes the statics of finding the forces in the members difficult.  Therefore, the group 
used MASTAN2 to analyze the forces in a 3D computer model of the dome framing. 
 3.2.1.4 Member Size 
 In a typical dome system the member sizes are anywhere between 15 to 25 feet in 
length (Callender, John Hancock, 1966).  The group’s dome, however, is relatively small 
compared to other domes; therefore, the group used values close to the 15 to 25 foot range 
when designing the larger members of the dome designs.  In order to make the dome as 
cost effective as possible, the group opted for steel sections that provided the least weight 
solutions. 
3.2.1.5 Force Distribution into Columns 
 The group obtained the forces from the dome being distributed into the columns, 
beams, and girders of the building through the MASTAN2 analysis of the dome.  The group 
identified the forces going in the y direction for further analysis because those are the 
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forces acting vertically into columns and beams, whereas the forces in the x and z direction 
(horizontal East to West and North to South) would act as axial forces in the beams and 
girders causing no change in the maximum negative and positive moments of the members. 
3.2.2 Size and Type of Glass 
The group researched common types of glass used in dome roofs and similar 
structures in order to select the type of glass to be used in the group’s dome designs.   
When determining the thickness of the glass the group first looked in 2010 National 
Construction Estimator in order to determine the various glass thicknesses.  The 
thicknesses were then compared to the requirements of section 2404.1 in The 
Massachusetts State Building Code Seventh Edition and the smallest possible glass thickness 
was chosen. 
3.2.3 Cost Analysis 
 The group performed a cost analysis for each dome alternative that was designed.  
The cost analysis was based on unit cost data; it included the square feet of glass and the 
total tons of steel framing.  When determing the costs the 2010 National Construction 
Estimator 58th Edition (Ogershok, Dave, Pray, Richard, 2010) also included costs for labor.  
This cost analysis was used when making the group’s recommendations. 
3.2.4 Dome Recommendations 
 After the different dome designs were analyzed, the group made recommendations 
for which dome design is most suitable for the building.  The group argued that the dome 
that is the most cost effective and distributes the smallest force into the columns is the 
most suitable design for the building.  The recommendations are discussed in more detail 
later in this report. 
  
Project #LDA – 1203 
  
 
22 
 
 
3.3 Exterior Wall 
 The curtain wall of the building must be designed to properly enclose the building. 
The function of the wall is to control air ventilation and protect the building from the 
outside environment. It must also provide aesthetical value to consumers and 
architecturally blend with surrounding buildings. 
3.3.1 Type of Exterior Wall 
 There are several types of exterior walls used for commercial buildings that were 
considered. The first decision made was between load bearing and non-load-bearing walls. 
The types and architectural styles of exterior walls in the area were considered such as 
brick, concrete, etc. (Horowitz, J. M., 1991) Compliance with local building and zoning codes 
were also required. Based on these considerations the group was able to decide on the 
most appropriate material.  
3.3.2 Glass Curtain Wall 
The front exterior wall of the building is partially glass in order to allow consumers 
to view inside the lobby at all times. There were many design factors that are involved with 
a glass wall which were identified and considered, and the design process is outlined 
below. 
3.3.2.1 Identify Design Factors 
 Curtain wall design is a complex matter which involves many variables including 
climate, budget and intended building use. For the scope of this project, the group 
identified designed a generic curtain wall based on its structural function. The architectural 
constraints such as doors and wall size played a key role in its design. The group also chose 
to use steel as a mullion material in order to use the American Institute of Steel Construction 
Manual in the design process. 
3.3.2.2 Design of Curtain Wall 
 Once a material was chosen the group designed the glass wall in accordance with 
Massachusetts State Building Code 7th Edition. The design included glass type, window size 
and thickness, and structural framing. The window sizes were designed for aesthetic 
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appeal and the thicknesses were designed based on the wind pressure. The group designed 
the framing based on the structural ability to transfer lateral loads into the structure and 
withstand their self-weight. 
3.3.3 Cost Analysis 
 The group used costs from the 2010 National Construction Estimator 58th Edition 
(Ogershok, Dave, Pray, Richard, 2010) for glass type and structural framing to complete a 
cost analysis of the curtain wall.  
3.4 Final Recommendation 
 As previously discussed, the group provided cost analyses for each aspect of the 
building.  When making the final recommendations the group first used each individual 
cost analysis to determine the best suitable option for that particular element.  The selected 
individual elements were then synthesized to create the final recommendation and cost 
analysis of the proposed building. 
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4.0 Results 
 The results section is organized to parallel the methodology section and provides 
the results from the design and analysis. Discussion of the design often references 
spreadsheets located in the Appendices.  
4.1 Building Geometry 
This section discusses the location, overall size, layout, and geometry of the 
proposed commercial building. 
4.1.1 Overall Exterior Size 
 The group used WPI’s Bartlett Center as a guideline to determine the overall 
exterior size of the proposed building.  Resulting plans for the spatial configurations on the 
first and second floor with dimensions can be seen below in Figure 4 and Figure 5  The 
width of the building is 58’-10” and its length is 140 feet making the building have a total 
area of 14,120 square feet.  These dimensions were based on the dimensions of the Bartlett 
Center.  The group then determined the size of the major interior areas.  Since the width of 
the building is always 58’-10” feet only the length’s had to be determined.  The 
lobby/reception area extends the full width of the building and has office space located on 
each side.  The lobby is 40 feet wide, whereas, the office areas have a width of 50 feet.  
4.1.2 Site Location 
 The group chose to use a site within WPI’s Gateway Park development for the 
proposed building.  As discussed in background sections there are currently three open site 
locations at Gateway Park (Childs Bertman Tsechares Inc., 2004).  The group’s building is 
14120 total square feet in area, which was discussed in section 4.1.1 Overall Exterior Size 
above.  The group did not need to choose exactly which of Gateway’s 3 sites to use because 
all three have sufficient area for the proposed building.  Therefore, for this study, it is 
sufficient to say the building location is on one of those three sites. 
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4.1.3 Floor Configuration 
 The group used WPI Bartlett Center: Construction Documents and Time-Saver 
Standards; A Handbook of Architectural Design Fourth Edition to first determine common 
room, stair, and elevator sizes for the different types of functional spaces in the building.  
The group then used WPI Bartlett Center: Construction Documents again when determining 
the placement of the different rooms, stairs, and elevators of the building.  The placements 
are not exactly the same as the Bartlett Center; however, they do follow the same general 
pattern. 
 The group did not immediately create the final floor plans shown in Figure 4 and 
Figure 5.  A number of steps and changes were taken in the process.  In particular when 
determining the structural layout (i.e., the location of the columns, beams, and girders) 
some room sizes had to be adjusted.  First general exterior dimensions were determined 
based off of buildings with similar purposes and sizes such as WPI’s Bartlett Center.  These 
dimensions were then adjusted based off the interior room configuration and dimensions.  
The building was created with as much symmetry as possible and was then adjusted to 
accommodate means of egress requirements which can be seen in Table 1.  Appendix B – 
Building Geometry Procedure shows the series of floor plans drawn in the process. 
 There are few important aspects of the design that need to be discussed.  Unlike 
WPI’s Bartlett Center the second floor is not continuous.  Therefore an elevator and 
staircase were located on each side of the building.  For the same reason, copy rooms and 
bathrooms were defined on each side of the building so that each person in the building has 
an equal walking distance to these supporting spaces.  The building was also designed so as 
to provide about the same number of conference and presentation rooms on each side.  
Since people in the building will only need to go to the mail room or lounge room once or 
twice per day one of each room is sufficient, and the group did not worry about walking 
distances from different parts of the building. 
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Figure 4 – First Floor Configuration and Layout 
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Figure 5 – Second Floor Configuration and Layout 
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4.1.4 Zoning and Building Code Restrictions 
 Throughout the building design process the group frequently references the 
Worcester City Zoning Ordinance and Massachusetts State Building Code 7th Edition to ensure 
the building complies with state and local building requirements.  
 As discussed in the background, the group referenced the Business Zoning District, 
BG-3.0 for restrictions imposed on the site. BG-3.0 restrictions include a maximum floor 
area ratio of 3 to 1 and a maximum building height of 100 feet (Worcester (Mass.) City 
Council, 2011). The total floor area of the proposed building is about 14,160 square feet 
while the first floor area is about 8,260 square feet. By dividing the total floor area by the 
first floor area the calculated floor area ratio of 1.71 which is well below the maximum of 3. 
Also, the building is only two stories which measures well below the 100 foot maximum 
height.  
 Building codes include fire and structural requirements that ensure each building is 
safe and accessible to its occupants. Consequently, the Massachusetts State Building Code 7th 
Edition provided many more restrictions than the zoning. The first step in referencing the 
building code was to determine the construction type. Construction type affects fire rating 
restrictions and is based on the combustibility of the building’s materials as well as its size. 
Because the project building is designed with non-combustible materials such as steel and 
concrete, the building is eligible for Type I or II construction depending only on the size. 
Table 503 provided height and area restrictions based on the occupancy group and 
construction type. The building was classified within the business occupant group since it 
will be used for commercial space. Due to the relatively small size of the building it is 
permissible to use the lowest fire rated construction type which is IIB. 
An important section of the Massachusetts State Building Code 7th Edition concerning 
preliminary design is the Means of Egress section. A classification which affects the means 
of egress restrictions is whether or not a sprinkler system is installed. In order to provide 
greater design flexibility the group decided to include a sprinkler system. To stay within 
the scope of the project the group did not design the sprinkler system but included it in the 
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cost estimate. Table 1 below summarizes the means of egress restrictions that the group 
took into consideration throughout the design process.  
 
Table 1 – Means of Egress Restrictions 
Restriction Section/Table Required Actual 
Building Height T503 4 Stories Maximum (IIB) 2 
Building Area T503 23,000 Square Feet 
Maximum (IIB) 
16,800 Square Feet 
Ceiling Height 1003.2 7’ Minimum 8’ 
Floor Area Allowances 
Per Occupant (1st  
Floor) 
T104.1.2 100 Square Feet Per 
Occupant 
83 Occupants Max 
(8,260 Square Feet) 
Floor Area Allowances 
Per Occupant (Second 
Floor) 
T104.1.2 100 Square Feet Per 
Occupant 
30 Occupants Max 
(2,950 Square Feet) 
Egress Width T1005.1 0.3” Per Occupant 
(42.9”) 
62” 
Stairway Width 1009.1 48” Minimum 54” 
Stairway Landings 1009.4 Greater Than Stair 
Width (54”) 
60” 
Exits Per Area T1014.1 1 Exit If Less Than 50 
Occupants 
1 (30 Occupants 
Upstairs) 
Number of Exits T1018.1 2 2 
Common Path of 
Egress Travel 
1013.3 100’ Maximum With 
Sprinklers 
60’ 
Exit Access Travel 
Distance 
T1015.1 400’ Maximum With 
Sprinklers 
133.5’ 
Dead End Corridor 1016.3 50’ Max With Sprinklers 25’ 
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4.2 Preliminary Design Information 
Once the building layout was established the group began determining the loadings 
on the structure and designing the structural system. The design process involved defining 
and comparing several alternative layouts and materials in order to identify the most 
economical design.  For each alternative, individual structural members were designed 
through the use of spreadsheets. The resulting structural design is outlined the following 
paragraphs. 
4.2.1 Building Layout 
Two layout schemes for the building structure were designed based on the 
judgment of the group and using WPI’s Bartlett Center as reference. Figure 6 and Figure 7 
below show scheme 1’s structural layout, whereas, Figure 8 and Figure 9 show scheme 2’s 
structural layout.  In each figure the yellow squares represent columns while the blue lines 
represent beams and girders. In both schemes the columns were placed in areas that would 
not disrupt open space and would also contribute to an efficient structural design by 
allowing symmetric beam and girder layouts to be developed.  
Following column placement, the girders and beams were designed to efficiently 
transfer the loads from the open bays to the columns.  Areas that required special 
consideration were the elevator and the area spanning the lobby. Not only did the lobby 
present a relatively large span of 40 feet, but the framing system must also support the 
glass dome which presents a large load. The first scheme presents two beams which span 
the lobby and connect to girders which can be seen in Figure 6. The red lines represent the 
beams and girders which span the lobby and support the dome which is shown in green.  
The second scheme is designed to avoid transferring this large load into a girder, but 
instead directly to a column which can be seen in Figure 8. This accomplished by placing 
four columns which only extend to the second floor at the ends of both beams which 
support the dome. The first scheme also provides four rows of columns while the second 
scheme provides three rows. Two designs were performed for each scheme, one of steel, 
and one of concrete. 
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Figure 6 - Scheme 1 First Floor Column and Beam Layout 
 
Figure 7 - Scheme 1 Roof Column and Beam Layout 
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Figure 8 - Scheme 2 First Floor Beam and Column Layout 
 
Figure 9 - Scheme 2 Roof Column and Beam Layout 
 
4.2.2 Building Loads 
 Design loads for sizing the structural systems and their elements were determined 
using Massachusetts State Building Code 7th Edition (MSBC). For certain loads MSBC 
references ASCE 7 in which case the group used ASCE 7-05.  
2.2.2.1 Dead, Live, and Snow Loads 
 Design live loads for the building interiors were determined from the Massachusetts 
State Building Code 7th Edition based on the functionality of the spaces. Since the first floor 
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of the structure is supported by a slab on grade, the first floor loads were not considered 
critical factors. The second floor live load, however, did need to be determined. Since the 
structure did not have a specific client with defined needs, the specific functions for the 
second floor spaces could not be determined with certainty. For example, office use is 50 
pounds per square foot (psf), retail is 75 psf, and computer use is 100 psf. (Commonwealth 
of Massachusetts) In order to provide flexibility for the potential building owner, the 
building was designed for a 100 psf live load. The roof live load was also found to be 20 psf. 
 When determining the snow load, the Massachusetts State Building Code provided a 
ground snow load of 55 psf. To calculate the design load the group to adhered to ASCE 7 to 
define the proper adjustment factors. The following table outlines the calculation of the 
design snow load using the ground snow value pg and the adjustment factors.  
Table 2 - Snow Load Calculations 
Source
Ce= 0.9 ASCE 7-05
Ct= 1 ASCE 7-05
Ig= 1.1 ASCE 7-05
pg (psf)= 55 MSBS
pf=0.7*Ce*Ct*Ig*pg
pf(psf)= 38.115
Design Factor
 
 The superimposed dead load was determined from the anticipated permanent loads 
on the structure. Sources for these permanent loads include the roof enclosure, ceiling 
systems, MEP systems. The following table shows the superimposed dead loads on the first 
and second floor ceiling. 
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Table 3 - Dead Loads 
Material Load Unit
Insulation 0.5 psf
3-Ply Roofing 1 psf
Suspended Ceiling 2 psf
MEP 5 psf
Total 8.5 psf
Material Load Unit
Suspended Ceiling 2 psf
MEP 5 psf
Total 7 psf
Second Floor Ceiling
First Floor Ceiling
 
 In addition to the superimposed dead load, the self-weight of each structural 
member is also included in the dead load. As the design was completed, the dead load was 
adjusted accordingly. For example, once the floor design was complete, the weight of the 
concrete slab and metal decking was added to the dead load calculation for beam design. 
The same went for girder design, column design, and eventually foundation design. 
2.2.2.2 Earthquake and Wind Loads 
 The group used knowledge from the CE3008 Reinforced Concrete Design 
(Jayachandran, 2010) class taken at WPI.  During this class calculation methods for wind 
and earthquake loads were presented based on ASCE7-02 standards.  The group, however, 
checked the ASCE7-02 (American Society of Civil Engineers, 2002) standards against the 
Massachusetts State Building Codes (Commonwealth of Massachusetts, 2008) and ASCE7-05 
(American Society of Civil Engineers, 2010) standards.  The calculation process is the same; 
however, a few of the values are different due to the fact that the CE3008 term project was 
not located in Worcester (Jayachandran, 2010).  Either the wind or earthquake load will 
govern the lateral-force resisting system; however, each load needs to be calculated in 
order to determine which one governs (Commonwealth of Massachusetts, 2008).  In this 
case, the earthquake load was found to be the governing load.  Appendix E – Building 
Earthquake and Wind Loads shows the spreadsheet used to calculate the seismic base 
shear and associated story forces, and Table 4 below highlights the earthquake load at each 
level for both the short and long side of the proposed building for each scheme.  The short 
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side of the building is the 58’ 10” side and the long side is the 140’ side.  Level one of the 
building refers to the top of the first floor, or the level of the second floor (10’ level) and 
level two refers to the roof level (20’ level). 
 
Table 4 – Earthquake Loads per Level for both Short and Long Side of Each Scheme 
 Level 1 (Kips) Level 2 (Kips) 
Scheme 1 - Short Side 21.5280 25.1502 
Scheme 1 - Long Side 49.2069 50.3004 
Scheme 2 - Short Side 23.9899 28.0263 
Scheme 2 - Long Side 54.8341 56.0527 
 
It is important to note that the loads in Table 4 are applied to only one short and one 
long side of the building when performing structural analyses for member forces and 
displacements.  However, all similar members must be designed to withstand the load so 
each member group was designed to withstand the member with the maximum moment in 
that group.   
 As instructed by Section 1603.1.4 of the Massachusetts State Building Code, the wind 
load was determined following ASCE 7 methods. (Commonwealth of Massachusetts, 2008) 
Due to the relatively small size of the structure and normal conditions, the building 
qualified for the Simplified Procedure to calculate wind pressure. (American Society of Civil 
Engineers, 2010) The detailed wind pressure calculation spreadsheet can be found in 
Appendix E. The following table displays resulting wind forces at each level.  
Table 5 - Wind Load Results 
Lateral Force Unit
Level 2 19.68 k
Roof 5.27 k
Lateral Force Unit
Level 2 18.07 k
Roof 6.02 k
Long Building Face
Short Building Face
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4.3 Concrete Design 
 The sections below discuses design of the concrete structural framing for each 
scheme of the proposed building.  MASTAN2 was used for this analysis because it allows for 
the completion of a 3D analysis, whereas RISA only permits a 2D analysis and thus would 
require several analyses.  Figure 10 and Figure 11 below show each scheme in MASTAN2.  
There are a lot of members and loads so it is difficult to see the layout of the building in the 
figures.  The white lines are the members, the green lines are the loads, and the red lines 
are the support conditions or fixities.  It is important to note that when originally designing 
the beams, girders, and columns (which are reviewed below), a trial size was initially 
assumed and then was changed upon determining the size of the member.  Determination 
of member sizes was based on the member forces and deflections calculated from the 
structural analyses. 
 
 
Figure 10 – Scheme 1 Layout in MASTAN2 
 
Project #LDA – 1203 
  
 
37 
 
 
Figure 11 – Scheme 2 Layout in MASTAN2 
 
4.3.1 Concrete Floor Design 
 The first step to the concrete design process was to design floor slabs capable of 
transferring loads between the beams. The design was completed following American 
Concrete Institute procedures (Darwin, 2010). The design spreadsheet can be found in 
Appendix G. A roof and floor slab was designed for each scheme based on the span length 
and loading.  The following table outlines the design results for both schemes.  
Table 6 - Concrete Floor Slab Results 
Span (ft) h (in) d (in) Bar Size Spacing (in) As (per ft)
Roof Slab 10.875 4.5 3.5 6 10 0.528
Floor Slab 8.33 3.5 2.5 6 15 0.352
Span (ft) h (in) d (in) Bar Size Spacing (in) As (per ft)
Roof Slab 10.875 4.5 3.5 6 14 0.514
Floor Slab 9.81 4 3 6 12 0.44
Scheme 1
Scheme 2
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4.3.2 Concrete Beams 
 Beams with equal tributary width and length were grouped together in order to 
make the design process as time efficient as possible.  The loads for each beam were 
determined using IBC and local building codes as discussed above.  A spreadsheet was then 
used to design the beam.  By placing the loads into the spreadsheet the positive and 
negative design moments were calculated.  From these moment values the size of the beam 
was determined, and the area of reinforcing steel required to withstand the design 
moments was determined.  The group then used the Design of Concrete Structures 14th 
(Darwin, David, Charles W. Dolan, and Arthur H. Nilson, 2010) to specify the reinforcing bar 
size and quantity necessary to provide the required area of steel. 
It was decided that the stirrup size be No. 3 because that is a standard size in the 
field and having one consistent size throughout the design process is simpler.  Spreadsheet 
calculations were used to determine the maximum spacing for the stirrups and the 
required spacing of the stirrups for the different segments of the beam’s span.  The group 
noticed that larger stirrup spacing were permissible near the mid-span of the beams 
because of the reduced values for the design shear forces.  By reviewing the spacing 
requirements the group used their knowledge and experience to determine the spacing of 
the stirrups in order to meet the requirements while using as few stirrups as possible.  An 
example of the spreadsheet is shown in Appendix G – Concrete Design Spreadsheets.  
Table 7 and Table 8 below highlight the main results of beam design for each 
scheme.  Each table shows: 
 
 The number of beams in that group as discussed above 
 Size of each beam (cross sectional height and width) 
 The positive and negative design moments (lbs-ft) 
 Steel reinforcing bars (rebar) used per beam 
 Total number of stirrups per beam 
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Table 7 – Summarization of Beam Design for Scheme 1 
Number 
of 
Beams 
Length 
(ft) 
Height 
(in) 
Width 
(in) 
Negative 
Moment 
(lbs-ft) 
Positive 
Moment 
(lbs-ft) 
Type 
Rebar 
Number 
of each 
Type of 
Rebar 
Number 
Stirrups 
8 20.75 11 6 -23761 14851 No. 4 1 42 
      No. 5 1  
      No. 6 2  
4 17.33 6 10 -16349 10218 No. 4 3 34 
      No. 5 1  
20 20.75 8 12 -45536 28460 No. 5 1 36 
      No. 8 1  
      No. 9 1  
10 17.33 6 12 -30862 19289 No. 4 3 30 
      No. 5 1  
      No. 7 1  
6 10.875 6 9 -14110 8819 No. 4 2 36 
      No. 7 1  
4 20.75 8 12 -44828 28018 No. 8 1 36 
      No. 10 1  
2 17.33 6 12 -33071 20669 No. 4 6 32 
      No. 5 1  
20 20.75 8 16 -86117 53823 No. 4 2 28 
      No. 9 1  
      No. 10 1  
6 17.33 6 14 -59468 37167 No. 4 7 28 
      No. 5 1  
      No. 6 1  
2 8.33 6 8 -10058 6286 No. 4 3 28 
      No. 5 1  
2 8.33 6 8 -9230 5769 No. 4 2 26 
      No. 5 2  
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Table 8 - Summarization of Beam Design for Scheme 2 
Number 
of 
Beams 
Length 
(ft) 
Height 
(in) 
Width 
(in) 
Negative 
Moment 
(lbs-ft) 
Positive 
Moment 
(lbs-ft) 
Type 
Rebar 
Number 
of each 
Type of 
Rebar 
Number 
Stirrups 
20 25 8 15 -78359 48974 No. 4 7 36 
      No. 10 1  
8 25 6 14 -41054 25659 No. 4 5 34 
2 40 14 24 -427384 267115 No. 10 4 24 
      No. 9 3  
11 25 10 18 -154043 96277 No. 4 6 34 
      No. 5 9  
4 25 10 14 -80928 50580 No. 5 1 34 
      No. 7 3  
      No. 8 1  
8 20.75 8 16 -88836 55523 No. 4 5 28 
      No. 6 4  
4 10.875 8 14 -62432 39020 No. 4 7 28 
      No. 6 2  
2 9 4 7 -3136 1960 No. 4 1 46 
      No. 5 1  
2 8.33 6 8 -8676 5423 No. 4 1 26 
      No. 5 2  
2 8.33 6 8 -10396 6497 No. 4 3 26 
      No. 5 1  
2 8.33 6 8 -9536 5960 No. 4 1 26 
      No. 5 2  
 
4.3.3 Concrete Girders 
Girders with equal tributary width and length were grouped together in order to 
improve the efficiency of the design process.  Each scheme’s layout was put into MASTAN2, 
and the loads were placed on the respective joints as seen in Figure 10 and Figure 11 
above.  The MASTAN2 analyzes provided the maximum positive and negative design 
moments for each group of girders.  The design moments were then input into the design 
spreadsheet, and the girders were designed similar to the beams, as discussed above.  An 
example of the spreadsheet is shown in Appendix G – Concrete Design Spreadsheets. Table 
9 and Table 10 below highlight the main results of the girder design for each scheme.  The 
tables show the same information as the previous summary tables for the beam designs.  
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Table 9 - Summarization of Girder Design for Scheme 1 
Number 
of 
Girders 
Length 
(ft) 
Height 
(in) 
Width 
(in) 
Negative 
Moment 
(lbs-ft) 
Positive 
Moment 
(lbs-ft) 
Type 
Rebar 
Number 
of each 
Type of 
Rebar 
Number 
Stirrups 
8 25 14 17 -199540 201100 No. 4 2 20 
      No. 7 1  
      No. 9 6  
8 25 16 20 -303480 310790 No. 6 20 16 
2 40 12 16 -128100 234000 No. 6 1 36 
      No. 7 7  
      No. 9 2  
2 40 18 24 -522950 522870 No. 4 1 0 
      No. 6 2  
      No. 9 11  
8 25 14 18 -211470 372000 No. 7 1 26 
      No. 8 1  
      No. 9 8  
4 25 16 21 -416930 600940 No. 8 1 44 
      No. 9 5  
      No. 11 5  
2 25 16 20 -302520 474930 No. 4 2 42 
      No. 7 11  
      No. 9 4  
2 25 14 20 -263600 440810 No. 5 2 38 
      No. 6 3  
      No. 9 9  
2 18.833 10 16 -124080 124040 No. 3 2 22 
      No. 8 3  
      No. 9 2  
2 17.333 12 18 -188150 188260 No. 4 4 18 
      No. 5 4  
      No. 9 4  
2 17.333 10 14 -78088 325130 No. 4 4 32 
      No. 6 4  
      No. 9 6  
4 20.75 12 20 -235670 392850 No. 4 2 34 
      No. 6 1  
      No. 9 8  
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Table 10 - Summarization of Girder Design for Scheme 2 
Number 
of 
Girders 
Length 
(ft) 
Height 
(in) 
Width 
(in) 
Negative 
Moment 
(lbs-ft) 
Positive 
Moment 
(lbs-ft) 
Type 
Rebar 
Number 
of each 
Type of 
Rebar 
Number 
Stirrups 
8 29.417 16 20 -310350 309920 No. 4 1 16 
      No. 5 2  
      No. 9 8  
4 29.417 16 22 -411290 249270 No. 6 7 6 
      No. 7 9  
2 40 10 16 -113420 207820 No. 3 1 56 
      No. 5 7  
      No. 9 6  
4 29.417 18 25 -528140 664300 No. 6 1 18 
      No. 9 7  
      No. 11 4  
4 25 18 22 -430690 445180 No. 5 2 14 
      No. 8 7  
      No. 9 6  
 4 18.542 12 20 -248550 386150 No. 5 1 16 
      No. 7 1  
      No. 9 8  
4 29.417 20 28 -858140 742440 No. 7 1 42 
      No. 9 15  
2 25 18 23 -508110 508960 No. 5 1 18 
      No. 9 12  
2 25 18 22 -436290 436450 No. 4 2 20 
      No. 5 1  
      No. 7 9  
       No. 9 5  
 2 25 16 22 -376550 522540 No. 4 1 14 
       No. 9 5  
      No. 11 4  
 
4.3.4 Concrete Columns 
 The columns were designed in the same way as the girders.  All the columns are the 
some ten foot length so they were grouped solely based on tributary width.  MASTAN2 
analyses were used to determine the maximum design moments and axial forces, and the 
columns were designed using a spreadsheet. An example of the spreadsheet used is show 
in Appendix F - Steel Design Spreadsheets.  There are, however, a few differences in the 
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column design opposed to the beam and girder design.  There is no need for stirrups in the 
columns and the design process is based off of the maximum moment and axial force in the 
column.   
Table 11 and Table 12 below highlight the main results of the column design for 
each scheme.  The tables show the same information as the beam and girder design 
summarization tables except for the number of stirrups, as previously noted and the tables 
show the maximum moment and axial force as opposed to positive and negative moments. 
 
Table 11 - Summarization of Column Design for Scheme 1 
Number 
of 
Columns 
Length 
(ft) 
Height 
(in) 
Width 
(in) 
Moment 
(lbs-ft) 
Axial Force 
(lbs) 
Type 
Rebar 
Number 
of each 
Type of 
Rebar 
8 10 18 18 98051 30809 No. 6 6 
      No. 7 1 
4 10 18 18 105060 25322 No. 7 6 
8 10 18 18 112210 41096 No. 6 1 
      No. 9 3 
4 10 18 18 115160 24958 No. 5 3 
      No. 9 3 
4 10 18 18 183090 16993 No. 8 1 
      No. 9 9 
4 10 18 18 202580 16797 No. 4 2 
      No. 9 10 
4 10 18 18 247300 12516 No. 8 3 
      No. 9 9 
8 10 18 18 240260 25893 No. 6 4 
      No. 9 9 
4 10 18 18 225910 47025 No. 7 1 
      No. 9 9 
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Table 12 - Summarization of Column Design for Scheme 2 
Number 
of 
Columns 
Length 
(ft) 
Height 
(in) 
Width 
(in) 
Negative 
Moment 
(lbs-ft) 
Axial Force 
(lbs) 
Type 
Rebar 
Number 
of each 
Type of 
Rebar 
8 10 18 18 116980 23712 No. 8 7 
4 10 18 18 298530 20656 No. 5 7 
      No. 9 11 
4 10 18 18 138860 36578 No. 7 1 
      No. 9 6 
2 10 18 18 131510 17992 No. 7 1 
      No. 9 6 
4 10 18 18 359070 11034 No. 5 1 
      No. 9 13 
4 10 18 18 444920 15630 No. 9 3 
      No. 11 11 
4 10 18 18 203650 14599 No. 9 9 
4 10 18 18 284000 20500 No. 9 9 
2 10 18 18 212290 34268 No. 4 3 
      No. 5 1 
      No. 9 8 
2 10 18 18 258230 17586 No. 10 9 
 
4.4 Steel Design 
 A separate steel design was also performed for both schemes in order to compare 
the use of steel vs. concrete. The steel design process investigated several forms of steel 
construction and included a cost analysis to determine the most economical steel design.  
4.4.1 Steel Floor 
With the beam and girder layout established, the group needed to choose a floor 
system capable of transferring the loads from the open bays to adjacent joists. The group 
chose to use steel decking and selected the appropriate type from Vulcraft’s catalog 
(Vulcraft, 2007). The figures below show the pages of the chosen decks from Vulcraft’s 
catalog. The type was chosen based on allowable load and span distance. The resulting 
steel decking for each scheme and floor is shown in the table below. 
 
 
Project #LDA – 1203 
  
 
45 
 
Table 13 - Steel Decking 
 Type Concrete 
Thickness (in) 
Decking 
Thickness (in) 
Weight (psf) 
Scheme 1-
Floor 
1.5VL20 3.5 0.358 35.14 
Scheme 1-Roof 1.5B18 None 0.0474 2.82 
Scheme 2-
Floor 
1.5VL19 3.5 0.0418 35.49 
Scheme 2-Roof 1.5B16 None 0.598 3.54 
 
Figure 12 - Vulcraft Roof Deck Catalog With Section Properties (Vulcraft, 2007) 
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Figure 13 - Vulcraft Floor Deck Catalog With Section Properties (Vulcraft, 2007) 
4.4.2 Steel Beams 
 In order to provide several design options for analysis, the group designed non-
composite beams, composite beams, and open-web steel joists for each scheme. Beams of 
equal length and tributary width were grouped together, and each group was designed 
individually. The design was completed through the use of spreadsheets which can be 
found in Appendix F - Steel Design Spreadsheets. Non-composite design was completed 
first since it was the simplest beam system in terms of structural elements and design 
calculations. Then composite beams were designed for the beams with a large load. If the 
non-composite design resulted in a beam size of W12x14 or smaller the group assumed 
that it would not be economically practical to install a composite section due to the added 
cost for composite construction. However for larger floor beams, the group designed 
composite sections to provide an alternative method to be analyzed.  Since the roof 
consisted of only a steel deck and no slab, composite beams and girders could not be 
considered.  The following figures show the resulting beams sizes for both schemes in 
composite and non-composite systems. 
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Figure 14 - Scheme 1 Non-Composite Roof Beams 
 
Figure 15 - Scheme 1 Non-Composite Floor Beams 
 W8x10 
 W10x12 
 W12x14 
 W8x10 
 W10x12 
 W12x14 
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Figure 16 – Scheme 1 Composite Floor Beams 
 
 
 
Figure 17 - Scheme 2 Non-Composite Roof Beams 
W10x12 
W12x14 
 
W12x14 
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Figure 18 - Scheme 2 Non-Composite Floor Beams 
 
 
Figure 19 - Scheme 2 Composite Floor Beams 
 
The use of open-web joists also was explored for both schemes 1 and 2. The joists 
were selected from Vulcraft’s catalog (Vulcraft, 2007) based on the allowable load and span 
distance. Open-web steel joists do not have the load-carrying capacity of W sections; 
therefore, for certain applications the member spacing and tributary width was decreased 
from the values used in the beam layout. For these cases the group decreased the spacing of 
the joists to reduce the tributary width until an acceptable design load was obtained. Open-
wed joists are lightweight steel members designed for long spans with optimized flexural 
W8x10 
W12x14 
W14x22 
W16x31 
 
W12x14 
W14x22 
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strength. They are not feasible for short members with high shear forces. For that reason, 
short members were left as W-shapes and open-web joists were not considered. The 
following figures and tables summarize the resulting open-web joist designs. 
 
 
Figure 20 - Scheme 1 Open-Web Roof Joists 
 
 
Figure 21 - Scheme 1 Open-Web Floor Joists 
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Figure 22 - Scheme 2 Open-Web Roof Joists 
 
Figure 23 - Scheme 2 Open-Web Floor Joists 
After completing the beam designs for each scheme, the group was able to compare 
the three methods. The beams were originally designed based on the limiting the beam 
weight. After each beam was sized the group chose two or three of the most common 
sections to be used. This means that some beams became over designed; however, it was 
expected that limiting the number of section types will provide a reduced cost for 
fabrication and construction. The following tables summarize the three beam design 
results for the two schemes. 
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Table 14 - Scheme 1 Beam Design Summary 
Section Type Weight/ft Spacing
Roof Beam 1 W10x12 12 8'-4"
Roof Beam 2 W8x10 10 8'-4"
Roof Beam 3 W12x14 14 8'-4"
Roof Beam 4 W10x12 12 8'-4"
Floor Beam 1 W12x14 14 8'-4"
Floor Beam 2 W10x12 12 8'-4"
Floor Beam 3 W14x22 22 8'-4"
Floor Beam 4 W12x16 16 8'-4"
Floor Beam 5 W8x10 10 N/A
Floor Beam 6 W8x10 10 N/A
Floor Beam 7 W8x10 10 N/A
Section Type Weight/ft Spacing
Roof Beam 1 N/A
Roof Beam 2 N/A
Roof Beam 3 N/A
Roof Beam 4 N/A
Floor Beam 1 N/A
Floor Beam 2 N/A
Floor Beam 3 W12x14 14 8'-4"
Floor Beam 4 W10x12 12 8'-4"
Floor Beam 5 N/A
Floor Beam 6 N/A
Floor Beam 7 N/A
Section Type Weight/ft Spacing
Roof Beam 1 16K4 7 8'-4"
Roof Beam 2 16K2 5.5 8'-4"
Roof Beam 3 16K4 7 8'-4"
Roof Beam 4 16K2 5.5 8'-4"
Floor Beam 1 18K4 7.2 3'-7"
Floor Beam 2 18K3 6.6 3'-7"
Floor Beam 3 18K4 7.2 3'-7"
Floor Beam 4 18K3 6.6 3'-7"
Floor Beam 5 N/A
Floor Beam 6 N/A
Floor Beam 7 N/A
Non-Composite
Composite Beams
Open-Web Joists
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Table 15 - Scheme 2 Beam Design Summary 
Section Type Weight/ft. Spacing
Roof Beam 1 W12x22 22 9'-10"
Roof Beam 2 W12x14 14 9'-10"
Floor Beam 1 W16x31 31 9'-10"
Floor Beam 2 W14x22 22 9'-10"
Floor Beam 3 W14x22 22 8'-4"
Floor Beam 4 W12x14 14 N/A
Floor Beam 5 W8x10 10 N/A
Floor Beam 6 W8x10 10 N/A
Floor Beam 7 W8x10 10 N/A
Floor Beam 8 W8x10 10 N/A
Section Type Weight/ft. Spacing
Roof Beam 1 N/A
Roof Beam 2 N/A
Floor Beam 1 W14x22 22 9'-10"
Floor Beam 2 N/A
Floor Beam 3 W12x14 14 8'-4"
Floor Beam 4 N/A
Floor Beam 5 N/A
Floor Beam 6 N/A
Floor Beam 7 N/A
Floor Beam 8 N/A
Section Type Weight/ft. Spacing
Roof Beam 1 16k9 10 3'-8"
Roof Beam 2 16k5 7.5 3'-8"
Floor Beam 1 16k9 10 3'-8"
Floor Beam 2 16k9 10 3'-8"
Floor Beam 3 16k5 7.5 3'-7"
Floor Beam 4 8k1 5.1 N/A
Floor Beam 5 8k1 5.1 N/A
Floor Beam 6 N/A
Floor Beam 7 N/A
Floor Beam 8 N/A
Non-Composite
Composite
Open-Web Joist
 
A cost estimate was completed for each beam type based on the unit cost per ton of 
steel for each type of structural steel member, rolled W-sections and open-web joists. For 
composite construction the cost of the shear studs was also included. The following table 
summarizes the three beam systems with the lowest prices in bold.  
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Table 16 - Beam Cost Estimate 
 Non-Composite Composite Open-Web 
Scheme1-Floor1 $19,415.69 $19,189.45 $19,725.99 
Scheme1-Floor2 $19,928.21 $19,928.21 $10,178.96 
Scheme1-Lowest Total $31,478.88 
Scheme2-Floor1 $20,946.32 $20,153.00 $19,229.63 
Scheme2-Floor2 $20,153.00 $17,776.32 $12,249.25 
Scheme2-Lowest Total $33,182.46 
As the table shows, open-web joists were considerably less expensive for the roof 
beams of both schemes. Open-web joists were also the most economical option for floor 
beams in scheme 2. In scheme 1 however, composite floor beams were slightly less 
expensive than the other two options. The following figures show the final beam plans 
modeled in Revit Structure. 
 
Figure 24 - Scheme 1 Steel Revit Model 
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Figure 25 - Scheme 2 Steel Revit Model 
4.4.3 Steel Girders 
Once the beam design was completed, the girder design began. This process was 
similar to that for beam design; however calculating the loads and deflections was a bit 
more complex. Since girders are loaded by the beams which they support, a uniform load 
could not be used. Point loads were used to represent the beam loading and RISA software 
was used to calculate maximum forces and girder deflections. Since girders are subjected to 
larger loads than beams, open-web joists were not considered due to their lower load 
carrying capacity. The following table and figures show the results for the non-composite 
and composite girder designs. 
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Figure 26 - Scheme 1 Non-Composite Floor Girders 
 
Figure 27 - Scheme 1 Composite Floor Beams 
 
W14x22 
W14x26 
W18x35 
W18x40 
W16x31 
W12x14 
W14x22 
W16x31 
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Figure 28 - Scheme 1 Non-Composite Roof Girders 
 
 
 
 
Figure 29 - Scheme 2 Non-Composite Floor Girders 
W14x22 
W16x31 
W14x26 
W16x31 
W18x35 
W21x44 
W21x55 
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Figure 30 - Scheme 2 Composite Floor Girders 
 
Figure 31 - Scheme 2 Non-Composite Roof Girders 
  
The group completed a cost estimate of the two floor girder designs and found that 
composite construction significantly reduced the amount of steel used and overall cost. 
Once again the roof girders were only designed as non-composite sections since there is no 
concrete slab on the roof. The following table shows girder costs with the lowest options in 
bold. 
 
W14x22 
W16x26 
W16x31 
W21x50 
W16x31 
W21x50 
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Table 17 - Girder Costs 
 Non-Composite Composite 
Scheme1-Floor1 $23,268.00 $17,997.51 
Scheme1-Floor2 $11,734.20 - 
Scheme1-Lowest Total $29,731.71 
Scheme2-Floor1 $24,054.41 $20,787.14 
Scheme2-Floor2 $14,588.95 - 
Scheme2-Lowest Total $35,376.09 
 
4.4.4 Steel Columns and Baseplates 
 Columns that only support vertical loads are referred to as gravity or leaning 
columns. This section will outline the results of the gravity column design. The columns 
that are included in the lateral force resisting system can be found in 4.4.5 Steel Lateral 
Force Resisting System. Gravity columns are fairly simple to design since the effective 
length factor k is equal to 1 and only axial forces and buckling are considered. The columns 
were designed to be non-slender using Table 4-4 of the AISC Manual. The design loads for 
gravity columns were calculated based on the tributary area they support. Since the 
structure is only two stories, the columns were designed to have a 20’ fabrication length 
but an un-braced length of 10’ due to the lateral support provided by the floors. This is 
advantageous since no splice plates are needed between floors which allows for simpler 
design and construction. An example of the spreadsheet used for the design can be found in 
Appendix F. The group decided to use HSS square columns since they are lighter than W-
shapes with similar axial strength. HSS Squares also have flat edges which allow for simple 
connection design.  
Once the initial design was concluded the group selected two of the most common 
shapes for use. This led to some columns being overdesigned, but the consistency was 
expected to provide cost reduction in the fabrication and construction process. The 
following table and figures show the gravity column design results for both schemes.  
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Figure 32 - Scheme 1 Gravity Columns 
 
Figure 33 - Scheme 2 Gravity Columns 
LFRS 
HSS7x7x3/16 
HSS8x8x1/4 
LFRS 
HSS5x5x3/16 
HSS7x7x1/4 
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Table 18 - Gravity Column Design Summary 
Column
Section
Type Weight (lb/ft)
A1, A4, F1, F4 HSS 4.5x4.5x3/16 6.45
A3, F3 HSS6x6x3/16 14.5
B1, B4, E1, E4 HSS 4.5x4.5x3/16 6.45
B2, E2 HSS6x6x3/16 14.5
C1, C4, D1, D4 HSS 4.5x4.5x3/16 6.45
C2, C3, D2,D3 LFRS
A2, B2, F2, E2 LFRS
Column
Section
Type Weight (lb/ft)
A3, F3 HSS4x4x1/8 6.45
A2, F2 HSS5.5x5.5x3/16 13.2
B2, E2, B3, E3 LRFS
C1, C5, D1, D5 HSS4x4x1/8 6.45
C2, C4, D2, D4 HSS5.5x5.5x3/16 13.2
C3, D3 HSS5.5x5.5x3/16 13.2
A1, B1, F1, E1 LRFS
Scheme 1
Scheme 2
  
4.4.5 Steel Lateral Force Resisting System 
 The group included both wind and earthquake loads in the structural design. The 
loads were determined from ASCE 7-05 which is in accordance with the Massachusetts State 
Building Code. A lateral force resisting system (LRFS) was designed in order to provide 
lateral stability under these forces. The two common forms of lateral stability for steel 
frames are braced frames and rigid frames. Braced frames involve diagonal bracing and 
simple connections. Rigid frames do not employ bracing elements, but rely on moment 
resisting connections and bending effects within the columns and girders.  The design of 
rigid frames requires consideration of the second-order effects within members subjected 
to combined bending and axial compression. Because braced frames employ simple 
connections they allow for quicker connection design and installation. It also means that 
members are designed with an effective length factor k equal to 1. The second-order effects 
and moment resisting connections involved with rigid frames require a more complex 
design process, more expensive connections, and larger member sizes.  
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Bracing does have architectural drawbacks which can limit its feasibility. The 
diagonal bracing will impede open spaces between columns that are commonly used for 
windows and doors. Bracing is required in both directions and, for smaller structures, 
commonly relies on one or two frames per direction. To avoid framing across the large 
span lobby, the group decided to place one frame on each side of the lobby. The frames 
were designed based on the assumption that the exterior walls, floor diaphragm, and 
structural members are capable of transferring the lateral loads to each frame. The frames 
were located as close to the center of the structure as possible so that the forces would 
have a shorter load path before reaching the moment frame. The group also was careful to 
ensure that each column in the moment frame only resisted lateral forces about their 
strong axis.  
Due to the architectural design of the structure only one direction of scheme 1 could 
use bracing. The remaining direction of scheme 1 as well as both directions in scheme 2 
required a rigid frame. The following figures show the locations of the moment frames with 
the red lines representing rigid frames and blue line representing braced frames.  
 
Figure 34 - Scheme 1 LRFS Locations 
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Figure 35 - Scheme 2 LRFS Locations 
The design of the rigid frames was performed using class notes from CE3006 and 
following specifications from ASCE 7-05. An example design spreadsheet can be found in 
Appendix F. Since the frames are determinate, RISA-2D software was used to calculate 
forces and deflections of each member. The lateral story-drift proved to be the governing 
factor for each frame. The following figures show the three resulting rigid frames. 
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Figure 36 - Scheme 1 Short Face LRFS Rigid Frame Results 
 
Figure 37 - Scheme 2 Short Face LRFS Rigid Frame Results 
Composite W18x35, PNA=BFL 
W21x44 
W24x68 
Composite W18x35, PNA=4 
W21x44 
W24x68 
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Figure 38 - Scheme 2 Long Face LRFS Rigid Frame Results 
The design of the braced frame was performed using RISA-2D software to calculate 
axial forces in the columns and the braces. Since no moment forces were present in the 
columns, they were designed as gravity column. The girders within the frame were 
designed using interaction equations to generate the needed moment and axial capactiy. 
The bracing was the most complex design factor due to the large lengths and required 
capacity under both compression and tension. In order to limit the slenderness of the 
bracing elements, they were designed with a splice bolt connecting the two braces at their 
center. The braces were then designed with sufficient stiffness to serve as braces for each 
other. This reduced the unbraced length of each element from 20’ to 10’ which greatly 
improved the performance of the members under compression. The braced frame design 
spreadsheet can be found in Appendix F. The following figure shows the resulting braced 
frame. 
Composite W21x44, PNA=6 
W24x76 
W21x55 
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Figure 39 - Scheme 1 Long Face LRFS Braced Frame Results 
4.4.6 Steel Long Span Design 
 The structure’s lobby is 40’ wide and provided open space based on the 
architectural design. Therefore, the group was required to design a beam system that could 
span the 40’. The beam system also needed to support the dome ceiling without interfering 
with it. These constraints did not leave many design options. A beam was placed along the 
exterior walls of the lobby. Another beam was placed at the edge of the dome ceiling which 
was 10’-10” from the exterior wall. The beam along the exterior wall carried very little load 
since its tributary width was only 5’-5” and the roof load was not very significant. Since the 
W14x22 
Columns: 
HSS16x8x1/4” 
W18x35 
L7x4x3/4 
L6x4x7/8 
Connections 
L6x6x3/8” 
7” Height 
1-1/4” Bolt 
Splice Plate 
5”x10”x3/8”  
5/8” Bolt 
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roof has no concrete slab the two design options were non-composite beams or open web 
joists. The interior beam was placed under large loads from the dome ceiling, and therefore 
open-web joists were not an option. One major difference between scheme 1 and scheme 2 
is that the interior long span beams are supported directly by a column in scheme 2. In 
scheme 1 these beams are supported by a girder. Because scheme 2 allowed the beam to 
connect to a column, a moment connection was considered to reduce the design moment 
and deflection, and allow use of a smaller beam.  
Once the beams were designed a cost analysis was performed to investigate the 
most economical beams. The connection cost is included by multiplying the total weight by 
10% for open-web joists and 15% for W-shapes. (Ogershok, Dave, Pray, Richard. ) For 
moment connections, the group assumed that each connection would cost twice as much as 
one simple connection since there is roughly twice as much steel. So, for moment 
connections 30% was added to the total weight. The resulting beams and prices are shown 
in the following table. 
Table 19 - Long Span Design Results 
Section
Type
Length
(ft)
Weight
lbs/ft
W-Shape W18x46 40 46
Open-Web 22k9 40 11.3
End
Condition
Section
Type
Length
(ft)
Weight
lbs/ft
Pinned W24x76 40 76
Fixed W18x35 40 35
Exterior Beam
Interior Beam
 
As expected for a large span and low level of load, the open-web joist was the 
lightest exterior beam. The fixed interior beam is much smaller than the simply supported 
beam. For scheme 1, the pinned connection must be used since it connects to a girder. 
Scheme 2, however, was designed using a fixed interior beam. 
Project #LDA – 1203 
  
 
68 
 
4.4.7 Steel Connection Design 
 Connections are an important aspect of steel design and construction. The design of 
connections is typically performed by the steel fabricator. This allows them to design 
connections which they have the capability and familiarity to fabricate. The engineer is still 
responsible for the structure and therefore must review the connection designs. 
Connections also play a large role in the speed and cost of construction. Welding performed 
in the field is much slower and more expensive than bolting. Therefore, most connection 
plates are welded to one member in the fabrication shop and bolted to the other member in 
the field. For the scope of this project the group chose to design the bolted connections 
which would be performed in the field, and assume the welded connections would be 
designed by the fabricator.  
The connections involving the open-web joists were not designed since the 
manufacturer has predesigned connections available. Vulcraft’s catalog (Vulcraft, 
2007)shows several images of common connections. One example from the catalog of a 
common joist to girder connection is show below. 
  
Figure 40  - Vulcraft Catalog-Joist to Girder Connection (Vulcraft, 2007) 
 The simple shear connections were designed for girder to column connections and 
the beam to girder connections used in the floor of scheme 1. The shear connections 
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consisted of a single angle that is shop welded to the columns or girders and bolted to the 
web of the supported girders or beams. An example design spreadsheet can be seen in 
Appendix F .As shown in the figure below, the common spacing of bolts was 3” and the 
common edge to center distance was 1.5”.  
 
Figure 41 - Typical Connection Plate 
  To provide consistency with easier fabrication and construction a L4”x 4” x1/4” 
angle was used for all of the shear connections. By using one consistent angle size, the 
fabrication price will be reduced.  The shear force determined the number of ¾” bolts 
needed and the T dimension of the girder determined the overall height of the plate. The 
following table shows the connection results for each girder and the two beams in scheme 
1 floor.  
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Table 20 - Shear Connection Design Summary 
Beam Vu (k) Angle Length Bolts (3/4")
W12x14 14.56 L4x4x1/4 6 2
W10x12 12.16 L4x4x1/4 5.5 2
Girder Vu (k) Angle Length Bolts (3/4")
W14x22 6.86 L4x4x1/4 7 2
W16x31 10.29 L4x4x1/4 7 2
W18x46 7.12 L4x4x1/4 8 2
W24x76 25.8 L4x4x1/4 10.5 2
W14x22 14.88 L4x4x1/4 6 2
W16x31 23.49 L4x4x1/4 7 2
W16x31 16.63 L4x4x1/4 7 2
W14x22 8.8 L4x4x1/4 6 2
W16x31 21.93 L4x4x1/4 7 2
W16x31 20.08 L4x4x1/4 7 2
W12x14 9.8 L4x4x1/4 6 2
W14x22 22.9 L4x4x1/4 6 2
Girder Vu (k) Angle Length Bolts (3/4")
W16x31 7.04 L4x4x1/4 7 2
W21x50 10.64 L4x4x1/4 10 2
W18x46 7.72 L4x4x1/4 11 2
W16x31 24.73 L4x4x1/4 7 2
W14x22 24.78 L4x4x1/4 7 2
W16x26 14.85 L4x4x1/4 10 2
W16x26 23.91 L4x4x1/4 10 2
W21x50 16.59 L4x4x1/4 10 2
W21x50 9.34 L4x4x1/4 10 2
W16x26 16.63 L4x4x1/4 10 2
W14x22 8.8 L4x4x1/4 6 2
W16x26 21.93 L4x4x1/4 10 2
Scheme 1
Scheme 2
 
 Several moment connections were also designed for the LRFS and the long span 
lobby. Moment connections involve an identical design for shear in the web of the girder as 
well as additional connections in the top and bottom flanges of the girder. Once again, the 
group assumed the connection plates to be shop welded to the column and designed the 
bolted connections to the girder.  The moment frame produced higher shear forces than the 
simple connections and therefore some angle designs resulted in angle sections thicker 
than ¼” in in the web. The flange connections were designed to resist the tension and 
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compression forces present in the moment couple. The width of the flange plates was 
determined by the flange width, and the bolt spacing was determined by the workable gage 
of the girder. The required flange plate thickness was designed based on several failure 
criteria which included: tension rupture, bolt bearing and tearing, and block shear in the 
tension flange. The compression flange was designed to be identical as the tension flange 
for constructability; however both local and global buckling checks were performed. The 
following table provides the moment connection results. 
Table 21 - Moment Connection Design Summary 
Girder Web Angle Length Bolts
Flange 
Plate TK Length Width
Bolt
Size Bolts
W18x35 L4x4x1/4 9 3 0.1875 6 4 5/8" 2
W21x44 L4x4x1/4 9.5 2 0.1875 6.5 4 5/8" 2
Girder Web Angle Length Bolts
Flange
Plate TK Length Width
Bolt
Size Bolts
W18x35 L4x4x3/8 12 4 0.1875 6 4 5/8" 2
W21x44 L4x4x1/4 10 2 0.5625 6.5 4 5/8" 2
W21x44 L4x4x1/2 15 5 0.1875 6.5 4 3/4" 2
W21x55 L4x4x1/4 10 3 0.1875 8.25 4 5/8" 2
W18x35 L4x4x1/4 8 2 0.1875 6 4 5/8" 2
Scheme 1
Scheme 2
 
 
4.5 Dome Roof 
This section discusses the results of the dome roof design and analysis. 
4.5.1 Overall Size 
 The span of the domes was widely dependent on the area in which the dome was 
placed.  It is important to note that both dome designs were designed to be the same size in 
order for an accurate comparison to be made.  Based on the floor plans the group had a 60 
foot by 40 ft area available for the design.  The dome was designed so that it was as large as 
possible without actually being 40 wide.  If the dome was 40 feet wide, its bottom joints 
would come in contact with the exterior wall for the second story of the building, and then 
the exterior wall would have to be designed to support some of that weight. 
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 From the background research the group chose a decagon for the overall shape of 
the domes because it was a common shape for a non-circular dome.  From there the bottom 
of the dome was designed using 12 foot members.  This gave a span of 38.75 feet.  In the 
background section of this report the group discusses how the average member length of 
domes is 15 to 25 feet (Callender, John Hancock, 1966); however, the group’s domes are 
not as large as most domes so the group chose to go with a slightly smaller member size.   
 The group then determined the height of the domes.  Similar to determining the 
span, the group used background research to guide the height.  Based on background 
research the group found that the average height of domes is 1/5 to 1/8 the span 
(Callender, John Hancock, 1966).   The group also, however, found examples where the 
span to height ratio was ¼.  Therefore the group chose to use a height of 8 feet which is 
between ¼ and 1/5 of the span.  The group chose to use a larger height because it makes 
the dome design more unique, having steeper sides, and is more noticeable to pedestrians 
within the surrounding area. 
4.5.2 Layouts 
 As previously discussed in this report the layout of each dome is dependent on what 
type of dome it is.  The group chose to design and compare a shwedler and a parallel 
lamella dome because the shwedler dome, as previously discussed, is one of the more 
popular domes because it permits the fewest members, whereas the parallel lamella dome 
is one of the dome designs with the largest number of members.  By comparing these two 
designs the group was able to accurately determine whether a dome with fewer members 
or more members is more economical.  The economic advantage of having more members 
is that the member sizes would be smaller and would thus be lighter, however since there 
is more members the overall weight of steel used may be more than a design with fewer 
members.  A design with more members also requires smaller glass panels.  Both of these 
considerations were evaluated when determining the most economical design. 
The group did, however, have to determine the heights of each level of the domes 
and the horizontal spacing between levels.  There are 5 levels for each dome.  Since the 
height of the domes is 8 feet the group chose to space each level 2 feet apart.  Next came the 
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horizontal spacing between joint levels.  If the group chose to employ a uniform horizontal 
spacing, then the dome would look like a cone, therefore, different spacing intervals were 
determined.  Table 22 below shows the horizontal spacing between each joint level.  Level 
1 is the outermost joint level and level 5 is the inner most joint level. 
 
Table 22 – Joint Horizontal Spacing per Level 
Level Spacing (ft) 
1-2 4.125 
2-3 4.625 
3-4 5.125 
4-5 5.625 
 
 After the placement of each joint was determined the group was able model the 
structural framework for each dome design in MASTAN2 in order to perform the structural 
analysis.  The graphical capabilities of the software were used to create a 3-Dimensional 
image of the domes.  Figure 42 below shows the 3D image of the schwedler dome, and 
Figure 43 shows the 3D image of the parallel lamella dome. 
 
 
Figure 42 – 3-Dimensional View of the Schwedler Dome 
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Figure 43 – 3-Dimensional View of the Parallel Lamella Dome 
 
4.5.3 Loads on Dome 
 The group determined that the loads acting on the dome are a dead, wind, snow, and 
imposed load.  The dead and imposed loads were taken from Steel Structures: Practical 
Design Studies (Nageim, Hassan A., MacGinley, Thomas J, 2005) which uses a dead load of 
1.0 kN/m² and an imposed load of 0.75 kN/m².  The imposed load acts as a live load for 
possible repairs or maintenance that the dome may require.  These values were then 
converted into 20.885psf and 15.664psf respectively.  The Massachusetts State Building 
Code Seventh Edition (Commonwealth of Massachussets, 2008) gives a snow load value of 
55psf for the Worcester area which was adjusted based on given factors within the code 
and was used for this analysis. 
 The wind load was determined using Wind Loads: Guide to the Wind Load Provisions 
of ASCE 7-05 (Coulbourne, William L., Mehta, Kishor C, 2010), Minimum Design Loads for 
Buildings and Other Structures (ASCE 7-10) (American Society of Civil Engineers, 2010), and 
Significant Changes to the Wind Load Provisions of ASCE 7-10 an Illustrated Guide (Stafford, 
Eric T, 2010).  Through the process given in Wind Loads: Guide to the Wind Load Provisions 
of ASCE 7-05 (Coulbourne, William L., Mehta, Kishor C, 2010) the group was able to 
determine the design wind pressures acting on the dome.  Pressures were found for both 
the x and y direction.  It is important to note that when determining the wind loads there 
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were two different cases to be considered.  Case B was found to be the restricting load but 
both cases are shown in Figure 63 and Figure 64 in Appendix D – Dome Loads. 
 Once all the loads per unit area were determined the group was able to multiple 
them by each joint’s tributary area to determine the resultant load in kips acting on each 
joint.  These loads were then applied to the joints in MASTAN2.  Images of the dome 
designs with the loads applied in MASTAN2 are shown below in Figure 44 and Figure 45 
whereas the Excel spreadsheets showing the values of each load applied to any given joint 
can be seen in Appendix D – Dome Loads.  Figure 62 in Appendix D – Dome Loads shows 
the dead, imposed, and snow loads and Figure 65 in Appendix D – Dome Loads shows the 
loads applied to each joint. 
 
 
Figure 44 – Schwedler Dome with Loads Applied 
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Figure 45 – Parallel Lamella Dome with Loads Applied 
4.5.4 Critical Tension and Compression Members 
 In order to perform the MASTAN2 analysis to find the critical tension and 
compression members of each dome, the group first had to define the fixed end points or 
support conditions along the base of each dome.  As loads are applied to the dome the 
members want to compress outwards, therefore the entire dome would be in compression.  
Tension rings are often used on the bottom joints of domes so that the dome can expand a 
bit and tension forces can develop.  The tension rings act as internal mechanisms to the 
dome structure to react to thrust along the dome’s base.  If not for the tension rings, the 
surrounding dome structure would have to react to the thrust forces.  Therefore all the 
joints were supported in just the y-direction except for two.  The y-direction refers to the 
vertical direction, whereas, the x and z-directions refer to the horizontal directions.  The x-
direction is the horizontal running East and West and the z-direction is the horizontal 
running North and South.  For the schwedler dome one node is supported in the x, y, and z-
directions and another one is supported in the y and z-directions.  For all forces and 
reactions the y direction is the properties acting in the y direction whereas the x and z 
direction properties act in the lateral or horizontal directions.  This was done because if all 
the joints were only supported in the y-direction the dome would be unstable (Roland D. 
Ziemian, 2011).  For the same reason one of the joints in the parallel lamella dome is 
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supported in the x, y, and z-directions and the nine other major joints (the major joints are 
the same ten bottom joints on the schwedler dome) are supported in the y and z directions.  
All the other minor joints on the bottom row (joints between the ten major joints) are only 
supported in the y-direction and thus act as tension rings.  Figure 46 below shows the 
schwedler dome with the fixed end points applied, and Figure 47 shows the parallel lamella 
with the fixed end points applied. 
 
 
Figure 46 – Schwedler Dome with Fix End Points 
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Figure 47 – Parallel Lamella Dome with Fix End Points 
 
4.5.4.1 Schwedler Dome 
 A second-order elastic analysis was run for the Schwedler dome.  A second-order 
analysis indirectly designs every member based on design specifications given in manuals 
such as the Steel Construction Manual 13th Edition, whereas, a first-order analysis design 
the members based on the structure acts as a whole due to the applied loads.  Figure 48 
below shows the results of the MASTAN2 analysis.  The members highlighted in red are in 
compression and the members highlighted in blue are in tension. 
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Figure 48 – Schwedler Dome Second-Order Elastic Analysis 
 
The critical tension member for the schwedler dome analysis was member E10 with 
a value of 56.72 kips, and the critical compression member for was member E42 with a 
value of 35.47 kips. 
4.5.4.2 Parallel Lamella Dome 
 A first-order elastic analysis was run for the Parallel Lamella dome.  A first-order, 
instead of a second-order analysis was done because for the parallel lamella dome the 
second-order analysis would not work.  There are so many joints all trying to move at the 
same time that the program was not sophisticated enough to handle it and thus stopped 
before the analysis was complete.  The group, however, compared a first and second-order 
analysis of the schwedler dome and the results were almost the same.  The maximum 
displacement for the second-order analysis of the schwedler dome resulted in a maximum 
deflection in any direction of 0.035, whereas, the maximum deflection of the first-order 
analysis of the parallel lamella dome resulted in a maximum deflection of 0.12.  This results 
in a 28% difference.  One may argue that this is due to the change in the analysis method; 
however, it is primarily due to the fact that the parallel lamella dome has so many more 
joints than the schwedler dome and is thus much stiffer.  After reviewing the two designs 
this is a reasonable difference.  Therefore a first-order analysis is sufficient for the parallel 
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lamella dome because it can be assumed that the results would be close to the results of a 
second-order analysis.  Figure 49 below shows the results of the MASTAN2 analysis.  The 
members highlighted in red are in compression and the members highlighted in blue are in 
tension. 
 
 
Figure 49 – Parallel Lamella Dome First-Order Elastic Analysis 
 
The critical tension member for the parallel lamella dome analysis was member E9 
with a value of 31.9 kips, and the critical compression member for was member E103 with 
a value of 49.57 kips. 
4.5.5 Steel Framing Size 
 For each dome all of the members were designed to be the same size.  Therefore, 
only the critical tension and compression members for each dome were considered 
because those are the members that will fail first.  The members were designed using the 
procedures in Structural Steel Design (McCormac, Jack C, 2008) in conjunction with Steel 
Construction Manual 13th Edition (American Institute of Steel Construction, 2005).  
Specifically, Chapter 6 of the textbook was used for axially loaded compression members, 
and Chapter 4 was used for design of tension members.  Table 23 below shows the steel 
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pipe size required for both the critical tension and compression members of each dome, 
and then the final steel size used on all the members of the dome are shown.  The final 
member size was determined by choosing the larger of the required steel sizes for the 
critical tension and compression members to provide uniformity and to promote ease of 
construction. 
 
Table 23 – Dome Member Framing Size 
Dome Type Critical Tension 
Member Size 
Critical 
Compression 
Member Size 
Size to use for all 
Members 
Schwedler Pipe 3 Std. Pipe 2 ½ Std. Pipe 3 Std. 
Parallel Lamella Pipe 2 ½ Std. Pipe 3 Std. Pipe 3 Std. 
 
4.5.6 Size and Type of Glass 
 The type of glass used in the group’s dome designs and cost analysis is sealed 
double glazed glass.  This decision was based on the group’s background research which is 
discussed in the background section of this report.  For the Schwedler dome the group 
chose to use 1-inch thick glass with ½-inch airspace, and for the parallel lamella dome the 
group a ½-inch thick glass with ¼-inch airspace was selected.  These decisions were based 
on maximum surface area per sheet of glass.  The maximum surface area sizes came from 
the 2010 National Construction Estimator 58th Edition (Ogershok, Dave, Pray, Richard, 
2010). 
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4.6 Glass Curtain Wall 
The glass curtain wall was designed in accordance with Massachusetts State Building 
Code 7th Edition. The wall was 40’ long and 10’ high. Structurally, the wall’s only function is 
to support its own self weight and to transfer lateral loads into the structure. The most 
critical load was the wind load which was determined following the provisions of ASCE 7. 
The wind load calculation can be found in Appendix E. The design wind load resulted in 
slightly under 20 pounds per square foot. With the wind pressure established, the group 
used glass design charts found in Massachusetts State Building Code that provided that 
allowable thickness based on the length and width of the window.  
A double door that is 8’ wide and 7.5’ tall was included at the center of the wall in 
the architectural design. After visual inspection of the design charts and consideration of 
the door dimensions, the group chose 4’ spacing of the vertical mullions. This spacing 
allows the edges of the door frame to align with the mullions so the door fits into the 
design. Since the door was 7.5’ tall, a horizontal mullion was placed on the top edge of the 
door, 2.5’ from the top of the wall. Two additional horizontal mullion were placed 
continuing the 2.5’ spacing. Next the group used the charts to find the smallest allowable 
thickness for a window that is 4’x2.5’ and under 20 pounds per square foot of pressure. 
3/32” was the resulting thickness. The following images illustrate the geometry of the 
curtain wall and also a 3D model of the curtain wall from the Revit Architecture model.  
 
Figure 50 - Curtain Wall Geometry 
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Figure 51 - Revit Architecture Model of Curtain Wall 
 With the glass thickness determined, the mullions were then designed to transfer 
the lateral loads. Mullions are typically copper or aluminum, but the group decided to use 
steel tubes so that the American Institute of Steel Construction Manual could be used in the 
design process. The mullions were idealized as simply supported beams under a uniform 
load which was calculated based on their tributary width. Since the self-weight of the glass 
wall was somewhat small, the bending forces from lateral loads were the governing loads. 
The design calculations can be found in Appendix J. The vertical mullions were resulted in 
HSS2-1/2”x2-1/2”x1/8” and the horizontal mullions resulted in HSS2”x2”x1/8”. 
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4.7 Foundation Design 
 After the cost analysis was completed and the most economical design was chosen, 
the group designed individual spread footings for the resulting columns. The design was 
completed using Foundation Design (Coduto, Donald). The group referenced a geotechnical 
report completed by the Maguire Group. The geotechnical report described the soil layers 
and properties. The soil layer in which the spread footings would be supported by had a 
moist unit weight of 126 pounds per cubic foot and a friction angle of 32 degrees. The 
ground water table was found at an average depth of 10’ which is below the footings. The 
two design spreadsheets can be found in Appendix K. In order to meet frost restrictions, 
the foundations were designed with a pedestal which has an area four times as large as the 
columns and was four feet tall. The square spread footing was designed to be 18” thick with 
an area determined based on the soil’s bearing capacity calculated in the spreadsheet. Since 
the concrete columns resist both axial forces and moment forces, the footings were 
designed with to resist for vertical pressure and overturning. To avoid overturn failure, the 
footings are designed so that the entire footing applies downward on the soil and no uplift 
force is present. The following table shows the column applied loads and resulting footing 
size. The self-weight of the column is included in the Pu value. 
Table 24 - Spread Footing Results 
Column Pu (k) Mu (ft-k) Footing Size
R1 37,559 98,051 10'x10'
R2 32,072 105,060 10.5'x10.5'
R3 47,846 112,210 11'x11'
R4 31,708 115,160 11'x11'
F1 23,743 183,090 14.5'x14.5'
F2 23,547 202,580 15.5'x15.5'
F3 19,266 247,300 17'x17'
F4 32,643 240,260 16'x16'
F5 53,775 225,910 14.5'x14.5'  
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5.0 Cost Analysis 
 The following sections provide detailed cost estimates of every aspect of the 
building within the scope of the project. 
5.1 Non-Structural Building Elements Cost Analysis 
The group performed a cost analysis with assumptions on the interior construction and 
enclosures.  The group used Excel spreadsheets to complete this task and obtained cost 
data  from 2010 National Construction Estimator 58th Edition (Ogershok, Dave, Pray, 
Richard, 2010).  Average costs for various parts of the building were used.  For example, 
the group determined which doors, windows, carpeting, and tile to use based on average 
costs for industrial grade doors, windows, carpets, and tiles in the 2010 National 
Construction Estimator 58th Edition (Ogershok, Dave, Pray, Richard, 2010).  The work 
involved the following assumptions: 
 Exterior wall (except glass curtain wall) is standard brick 
 Bathrooms and main lobby area covered in tile flooring 
 Everything except bathrooms and main lobby covered in carpet flooring 
 All interior walls have wood walling attached to wood framing 
The final cost with overhead is $873,759.59 as shown in Table 25.  Appendix C – 
Building Geometry Cost Analysis Excel Sheet contains the complete Excel sheet used to 
prepare this estimate.  The Excel sheet not only shows the different aspects of each area of 
the cost analysis and the final costs of each area but also the reference page number for the 
cost data found in 2010 National Construction Estimator 58th Edition (Ogershok, Dave, Pray, 
Richard, 2010). It is important to note that this cost analysis does not include a lot of the 
costs involved in the building construction process.  Some of the major costs not included 
are the; 
 Dome roof 
 Front glass curtain wall 
 Concrete and steel columns, beams, and girders  
 Concrete slab and steel decking 
 Foundation 
 Excavation 
 Construction site utilities 
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Table 25 below shows the principal areas of the building in this cost analysis, the items 
involved in those areas, and then the overall cost of each aspect.  The last row in Table 25 
displays the final total cost.  This table is a simplified version of the Excel sheet in Appendix 
C – Building Geometry Cost Analysis Excel Sheet.  Note that the costs for each area of this 
analysis include material and labor costs. 
 
Table 25 – Building Preliminary Cost Estimate for Interior Construction and Enclosures 
Area Items in Area Cost 
Doors  Interior doors and frames $27,633.00 
Windows  Industrial grade windows $2,114.84 
Walls  Stud walls 
 Gypsum wallboard 
 Paint 
$47,423.62 
Floors  Tile (bathrooms and main lobby) 
 Carpet 
$57,177.17 
Fire Protection  Sprinkler system 
 Fire extinguishers 
$48,073.54 
Electrical  Everything involved with electrical work for a 
commercial/office/marketing building 
$141,623.60 
Stairs  Plywood sheathing 
 Landings 
3,410.36 
Thermal and 
Moisture 
Protection 
 Wall and roof damproofing 
 Roof and exterior wall insulation 
 Gutters 
$12,829.16 
Ceiling  Suspended ceiling grid 
 Ceiling tiles 
$27,534.01 
Elevators  2 passenger elevators $121,400.00 
Roofing  Roof panels with plywood and stiffeners $8,958.41 
Communications  Fire alarm and detection system 
 Fire alarm box 
 Security and alarm system 
$18,349.00 
Exterior Wall  Standard bricks $183,601.18 
Overhead  Indirect overhead (8.0%) 
 Direct overhead (7.3%) 
 Contingency (2.0%) 
 Profit (7.5%) 
$175,217.90 
Total  $873,759.59 
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Figure 52 below shows an image of the building exterior created using REVIT Architecture.  
In this image the glass curtain wall, dome roof, and exterior masonry work are visible.  
Figure 53 below shows the interior lobby area of the building also created in REVIT 
Architecture.  In both pictures various non-structural aspects of the proposed building  can 
be readily identified. 
 
Figure 52 – REVIT Architecture Model of Commercial Building - Exterior 
 
 
Figure 53 – REVIT Architecture Model of Commercial Building – Interior Lobby 
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5.2 Structural Design Cost Analysis 
This section provides the cost analyses completed for both the steel and concrete 
structural designs.  All costs and assumptions were taken from the 2010 National 
Construction Estimator 58th Edition (Ogershok, Dave, Pray, Richard, 2010).  The group used 
Excel spreadsheets to compete this task.  An example of the spreadsheets used for the 
concrete analysis is shown in Appendix H – Concrete Design Cost Analysis Spreadsheets 
and an example of the spreadsheets used for the steel cost analysis is shown in Appendix I 
– Steel Design Cost Analysis Spreadsheets.  The structural cost analyses were used in 
forming the final recommendations. 
5.2.1 Concrete Design Cost Analysis 
 This section provides a cost analysis of the various construction materials of the 
concrete structural framing for both schemes.  Section 4.3 Concrete Design above discussed 
the various member, rebar, and stirrup sizes.  Therefore, this section simply reviews the 
overall costs based on the concrete volumes, various rebar sizes and lengths, and the total 
number of stirrups used for all of the members and floor slabs in the structural design.  It 
also compares the overall costs of both the schemes.  This comparison is used in the 
recommendations section. 
 Table 26 below shows the cost analysis for each floor slab design.  The table entries 
show the total volume of concrete, the type of rebar, the total length of rebar, the cost per 
type of rebar, and highlight the total cost for each scheme.  It is important to note that these 
values include both the roof and floor slabs combined.    As specified by the 2010 National 
Construction Estimator 58th Edition (Ogershok, Dave, Pray, Richard, 2010) the cost per cubic 
yard of concrete included: 
 
 The assumption that the concrete is pumped into place 
 Material 
 Labor 
 A $900 minimum charge for boom truck 
 A $125 minimum charge for trailer mounted pump 
 
The assumptions made for the cost of rebar were: 
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 All reinforcing bars are ASTM A615 Grade 60 
 Material costs include a 10% labor allowance for cutting, and bending 
 Costs include detailed shop drawings 
 Delivery to site with identity tags per shop drawing 
 
These assumptions were used in each aspect of the concrete design cost analysis 
 
Table 26 – Floor Slab Cost Analysis for Each Scheme 
 Volume of 
Concrete 
(CY) 
Type of 
Rebar 
Total 
Length of 
Rebar (ft) 
Cost per 
CY 
Concrete 
Cost per 
LF Rebar 
Total Cost 
Scheme 1 151.6 #6 11248.25 $117.10 $1.35 $32,936.96 
Scheme 2 162.6 #6 12339.5 $117.10 $1.35 $35,698.85 
 
 Table 27 below shows the total concrete volume used, the cost per cubic yard of 
concrete based on the assumptions highlighted below, and the overall cost of concrete for 
each scheme.  The total volume of concrete used was found by taking the cross-sectional 
area of each member, multiplying it by the member length and then subtracting the 
associated volume of rebar.  The various costs included per cubic yard of concrete were 
discussed above 
 
Table 27 – Cost of Total Volume of Concrete Used in Each Scheme 
 Material 
Cost (CY) 
Labor 
Cost (CY) 
Equipment 
Cost (CY) 
Total Cost 
(CY) 
Total 
Volume 
Concrete 
(CY) 
Total Cost 
of 
Concrete 
Used 
Scheme 1 $115.00 $2.68 $5.43 $123.11 154.40 $19,007.84 
Scheme 2 $115.00 $2.68 $5.43 $123.11 168.90 $20,792.82 
 
Table 28 below shows the total length of each type of rebar used within each 
scheme, and Table 29 shows the cost per linear foot of each rebar size.  These tables were 
then used to produce Table 30 which shows the total cost of rebar used in each scheme.  
The assumptions made when determining these costs were previously discussed above. 
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Table 28 – Total Length of Each Type of Rebar Used in Each Scheme 
 #3 
(ft) 
#4 (ft) #5 (ft) #6 (ft) #7 (ft) #8 
(ft) 
#9 (ft) #10 
(ft) 
#11 
(ft) 
Scheme 1 75.3 3976.8 1370.9 5927.6 2108.5 1071 9465.9 498 500 
Scheme 2 80 823.1 4421.1 1692.3 2060.8 1360 9964.7 1000 1110.6 
 
Table 29 – Cost per Linear Foot of Rebar 
 #3 #4 #5 #6 #7 #8 #9 #10 #11 
Cost per LF 
Beams and 
Girders 
$0.49 $0.79 $1.05 $1.41 $1.91 $2.57 $3.95 $4.77 $5.89 
Cost per LF 
Columns 
$0.54 $0.79 $1.10 $1.52 $2.03 $2.74 $4.18 $5.00 $5.89 
 
Table 30 – Total Cost of Rebar per Scheme 
 Overall Cost of Rebar 
Scheme 1 $63,228.94 
Scheme 2 $72,405.35 
 
 As discussed in the results section, #3 stirrups were used in all the beam and girder 
members and there were no stirrups used in the columns.  Table 31 below shows the total 
number of stirrups used in each scheme, the unit cost per #3 stirrup, and the total costs of 
the stirrups for each scheme.  The same assumptions that were made for the reinforcing 
were used for the stirrups per the 2010 National Construction Estimator 58th Edition 
(Ogershok, Dave, Pray, Richard, 2010). 
 
Table 31 – Cost of Stirrups Used in Each Scheme 
 Total Number of #3 
Stirrups 
Cost per Stirrup Total Cost 
Scheme 1 3,936 $2.44 $9,603.84 
Scheme 2 2862 $2.44 $6,983.28 
 
 After the costs of all of the individual elements were determined, they were summed 
to calculate the final cost of each scheme.  Table 32 below shows the final overall cost of the 
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concrete structural framing of both schemes.  These overall costs were used when making 
the group’s recommendations for the proposed building. 
 
Table 32 – Overall Concrete Framing Cost of Each Scheme 
 Overall Cost 
Scheme 1 $124,777.58 
Scheme 2 $135,880.30 
 
5.2.2 Steel Design Cost Analysis 
 The steel cost analysis was performed based on the cost of different types of steel 
sections per ton. Other miscellaneous items such as shear studs and bolts were priced 
based on notes from CE 3006. Connection plates, bolts, and labor costs were considered by 
multiplying the steel weight by multipliers from 2010 National Construction Estimator 58th 
Edition (Ogershok, Dave, Pray, Richard, 2010). 
 The floor design resulted in a steel decking and concrete slab supporting the second 
floor and a steel roof deck supporting the roof. A cost estimating spreadsheet is located in 
Appendix I. The cost estimate was performed by calculating the cubic yards of concrete and 
total area of decking. The following table displays the resulting cost estimate for both 
schemes.  
Table 33 - Steel Floor and Roof Cost Estimate 
Roof Decking $21,894.91 Roof Decking $25,469.49
Floor Decking $15,296.67 Floor Decking $16,561.58
Concrete $5,373.72 Concrete $5,373.72
Wire Meshing $3,118.16 Wire Meshing $3,118.16
Total $45,683.46 Total $50,522.95
Scheme 1 Scheme 2
 
 Scheme 1 resulted in a slightly lower total price. Scheme 1 has more columns which 
led to shorter spans and resulted in thinner decks and a cost advantage.   
All three beam and girder systems were priced in order to find the most economical 
system. The prices were compared for each floor of the structure. A cost estimating 
spreadsheet is located in Appendix I. The following table shows the resulting costs of each 
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system by floor. The lowest price for each beam and girder system at each floor level is 
shown in bold, and the total price for each scheme is simply the sum of the bolded prices.  
Table 34 - Steel Beam and Girder Cost Estimate 
Non-Composite Open-Web
Beam Girder Beam Girder Beam
Floor 1 $21,631.72 $26,758.20 $19,592.81 $18,447.31 $21,745.68
Floor 2 $22,917.44 $11,521.10 $22,917.44 N/A $11,196.85
Scheme 2
Floor 1 $24,088.27 $27,662.57 $23,175.95 $19,878.88 $20,163.21
Floor 2 $23,175.95 $14,243.76 $20,391.47 N/A $12,696.82
Composite
Scheme 1
$49,236.97
$66,982.67
Scheme 2
Lowest Total
Lowest Total  
 As the table identifies, a mix of composite, non-composite, and open web joists are 
used in the most cost-effective design.  Table 35 below shows a simplified summary of the 
most cost-effective steel structural design for each scheme. 
Table 35 – Steel Structural Beam and Girder Design Cost Analysis Summary 
 Scheme 1 Scheme 2 
First Floor Beams Composite Open-Web Joist 
Second Floor Beams Open-Web Joist Open-Web Joist 
First Floor Girders Composite Composite 
Second Floor Girders Non-Composite Non-Composite 
The cost estimate of the gravity columns was performed based on the total weight of 
the columns and the price per ton. For hollow structural steel columns a 30% increase was 
added to the weight of the steel to account for the price of a top U-bracket, a square 
baseplate, and 4 anchor bolts (Ogershok, Dave, Pray, Richard, 2010). The detailed cost data 
can be found in Appendix I – Steel Design Cost Analysis Spreadsheets. The cost estimate of 
the gravity columns resulted in $11,561.13 for scheme 1 and $6,324.95 for scheme 2. The 
results make sense since scheme 2 contained six less gravity columns than scheme 1. 
 The cost estimate of the lateral force resisting system was calculated using identical 
procedures as the girder and column cost estimates described previously. The only 
difference lies in the connections of the rigid frames. The moment connections within the 
moment frame require more material and labor than simple shear connections. To 
compensate for this the group doubled the markup to produce an amplification factor of 1.3 
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instead of the usual 1.15 used for simple connections. The following table displays the 
resulting cost estimate. 
Table 36 - LRFS Cost Estimate 
Frame Type Cost
Short Face Rigid $13,545.39
Long Face Braced $7,752.44
Total $21,297.83
Short Face Rigid $13,757.98
Long Face Rigid $12,700.89
Total $26,458.87
Scheme 1
Scheme 2
 
 The long span design consisted of two beams which spanned 40 feet. For Scheme 2, 
it also included two 10’ tall columns and fixed-end connections. Scheme 1 consisted of 
simple girder connections and therefore resulted in a much larger beam. The exterior beam 
was the same for both schemes and the most economical section is shown in bold in the 
table below. The cost estimate was completed with the same procedures as mentioned in 
previous sections. 
Table 37 - Long Span Cost Estimate 
Exterior Beam Total Length lbs/ft Cost/Ton Total Cost
W18x46 80 46 $2,214.00 $3,673.38
22k9 80 11.3 $3,769.00 $1,873.95
Interior Beam Total Length lbs/ft Cost/Ton Total Cost
Scheme 1 W24x76 80 76 1,889.00 6,603.94
W18x35 80 35 2,214.00 3,564.56
W14x43 20 43 2,408.00 2,692.14
Total 6,256.70
Both Schemes
Scheme2
 
 Once a cost estimate had been performed on each aspect of the building, the group 
brought all the data together to compare the two schemes. The cost data revealed the 
advantages and disadvantages of each scheme. Also, by compiling the total cast, the group 
was able to determine which scheme is the most economical. The following table outlines 
each scheme and the overall cost estimate. 
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Table 38 - Steel Overall Cost Estimate 
Building Aspect Scheme 1 Scheme 2
Floor $45,683.46 $50,522.95
Beams and Girders $49,236.97 $66,982.67
Columns $11,561.13 $6,324.95
LRFS $21,297.83 $26,458.87
Long Span $8,477.89 $8,130.65
Total $136,257.28 $158,420.09  
 The table above reveals that scheme 1 is more economical. Scheme 1 has more 
columns which creates less expensive floor systems, beams, and girders and ultimately 
creates the more effective design.  
5.3 Dome Roof Cost Analysis 
This section provides a cost analysis of the various construction materials of each 
dome type and then highlights the overall costs of the different domes. 
 Table 39 below shows the total area in square feet of glass used in each dome, the 
cost per square foot of glass material, and then the total cost of the glass used in the domes.  
As discussed, in Chapter 4 sealed, double glaze glass units were used for both dome 
designs.  The group used 1-inch thick glass with ½-inch airspace for the schwedler dome 
and for the parallel lamella dome, the group used ½-inch thick glass with ¼-inch airspace.  
The cost per square foot of sealed, double glaze glass was determined using 2010 National 
Construction Estimator (Ogershok, Dave, Pray, Richard, 2010).  There are also labor costs 
involved in the glass installation process.  These costs are shown in Table 40.  Most glass 
costs are given in terms of square and rectangular window sizes.  The dome designs, 
however, have various shapes of glass panels.  Therefore, it is difficult to estimate the 
overall labor costs because cutting and placing the different shapes will take more work 
than rectangular panes.  Table 40 shows the labor prices for each dome based on unit cost 
data for rectangular glass panels.  Various strategies can be used to estimate the change in 
labor costs; however, this is not necessary because no matter how the changes are made 
the parallel lamella dome will always have a greater overall cost than the schwedler dome.  
This observation is supported in Table 40.  It is important to note that when determining 
the total length of beveled edges the group used the length of steel used and multiplied by 
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two because each piece of steel has glass on both sides.  Also, the group used costs for 25 to 
35 square feet, due to the large overall area of glass being placed, of setting glass in metal 
sash with vinyl bed.  The labor costs for the glass were also determined using 2010 
National Construction Estimator (Ogershok, Dave, Pray, Richard, 2010). 
 
Table 39 – Dome Roof Glass Material Cost 
Dome Type Total Glass (ft²) Costs per ft² of 
Material 
Total Cost 
Schwedler 923.43 $10.70 $9,880.70 
Parallel Lamella 830.36 $7.72 $6,410.38 
 
Table 40 – Dome Roof Labor Costs 
Dome Type Total Glass 
(ft²) 
Setting 
Glass Labor 
Cost (per 35 
ft²) 
Total 
Length of 
Beveled 
Edges (in) 
Total Labor 
Cost (per in) 
Total Cost 
Schwedler 923.43 $176.00 18,683.76 $0.43 $12,677.55 
Parallel 
Lamella 
830.36 $176.00 26,341.68 $0.43 $15,502.44 
 
Table 41 shows the total length of steel framing for each dome, the weight of the 
steel, the total tons of steel used in each type of dome, the cost per ton, and then the total 
cost of the steel framing used in the domes.  As discussed above both dome designed use 
Pipe 3 Std. for the framing.   The cost per ton of Pipe 3 Std. steel was determined using costs 
found in 2010 National Construction Estimator (Ogershok, Dave, Pray, Richard, 2010).  Note 
that the cost per ton of steel includes the material, labor, and equipment costs.  The 
equipment costs include: (Ogershok, Dave, Pray, Richard, 2010) 
 10-ton hydraulic truck-mounted crane 
 Electric powered welding machine 
 Oxygen/acetylene welding and cutting torch 
 Diesel powered 100 CFM air compressor with pneumatic grinder 
 Ratchet wrenches, hoses, and any other tools normally associated with steel 
pipe framing work 
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A 30% allowance, as suggested in the 2010 National Construction Estimator 
(Ogershok, Dave, Pray, Richard, 2010), was also added to the weight of the steel to allow for 
a bracket, base plate, and bolt connection between each member. 
 
Table 41 – Dome Roof Steel Framing Costs 
Dome 
Type 
Total 
Length of 
Framing 
(ft²) 
Weight of 
Pipe 3 
Std. Steel 
(lb/ft) 
Weight of 
Pipe 3 Std. 
Steel with 
30% 
(lb/ft) 
Total Steel 
(tons) 
Cost per 
ton 
Total Cost 
Schwedler 778.49 7.58 9.854 3.836 $3,414.00 $13,094.81 
Parallel 
Lamella 
1097.57 7.58 9.854 5.408 $3,414.00 $18,461.98 
 
 Table 42 below highlights the final overall cost of each dome.  This cost includes the 
total costs of the glass (material and labor) and steel framing used in each design. 
 
Table 42 – Dome Roof Overall Costs 
Dome Type Steel Framing 
Cost 
Glass Cost Overall Cost 
Schwedler $13,094.81 $12,677.55 $35,653.06 
Parallel Lamella $18,461.98 $15,502.44 $40,374.80 
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5.4 Glass Curtain Wall Cost Analysis 
 A cost analysis of the glass curtain wall was performed using 2010 National 
Construction Estimator 58th Edition (Ogershok, Dave, Pray, Richard, 2010). The wall 
consisted of typical glass sections at a thickness of 3/32” and HSS steel framing. The 
following table outlines the quantities, unit costs, and total costs of each material. The costs 
include both labor and material cost.  
Table 43 - Glass Curtain Wall Cost Analysis 
Length
(ft) Quantity
Total
Length
Section
Type Wt (lbs/ft)
Total 
Weight
(Tons) Cost/Ton
Total
Cost
Vertical
Mullions 10 8 80 HSS2.5"x2.5"x1/8" 3.9 0.156 $3,154.00 $492.02
Horizontal
Mullions 4 44 176 HSS2"x2"x1/8" 3.04 0.26752 $3,154.00 $843.76
Window
Size
Widow
 Area Quantity Area (ft^2)
Cost Per
Unit Total Cost
Glass- Material 4'x2.5' 10 34 340 7.61 $2,587.40
Labor $1,760.00
Total $5,683.18
 
5.5 Cost Estimate Summarization 
 In order to make an accurate recommendation for the proposed building it is 
important to look at all the various design aspects together.  Table 44 below shows the cost 
of each design aspect of the building.  This table helps to summarize every cost estimate 
making it easier to make an accurate recommendation.  A final cost estimate of the building 
cannot be completed in this section because the final recommendation for the building has 
not been discussed.  However, the final recommendation presented in Chapter 6 was based 
on the costs in Table 44. 
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Table 44 – Cost Summarization of all Building Design Aspects 
Building Estimate for Interior and 
Enclosures 
$873,759.59 
Scheme 1 – Concrete Structural Design $124,777.58 
Scheme 2 – Concrete Structural Design $135,880.30 
Scheme 1 – Steel Structural Design $136,257.28 
Scheme 2 – Steel Structural Design $158,420.09 
Schwedler Dome $35,653.06 
Parallel Lamella Dome $40,374.80 
Glass Curtain Wall $5,683.18 
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6.0 Recommendations 
 The following sections discuss the group’s final recommendations for the proposed 
building.  The recommendations include the most economical structural design and the 
dome roof. 
6.1 Structural Design 
 As displayed previously in Table 44 – Cost Summarization of all Building Design 
Aspects, scheme 1 of the reinforced concrete design proved to be the most economic. All 
four designs were within about 25% of one another, which shows that the designs were 
competitive and that the design alternatives were worthwhile. However, the reinforced 
concrete design of scheme 1 had the lowest resulting cost by over $10,000. Because of the 
economic advantage, the group recommends that the columns and girders are oriented as 
in scheme 1, which is described in Section 4.2.1. The project team also recommends the use 
of reinforced concrete as the primary structural material. Specifically the group 
recommends the design results presented for scheme 1 in Section 4.3. Based on the 
analysis and design presented in this project, this recommended design provides the most 
cost efficient design while meeting the functional needs of the building.  
6.2 Dome Roof 
Based off the structural and cost analysis’s done for both the schwedler and parallel 
lamella dome, the group recommends the building use the schwedler dome design.  Both 
designs used the same pipe steel size of pipe 3 std. so the decision for which design to use 
came down to the cost analysis.  Overall the schwedler dome would cost about $5,000 less 
than the parallel lamella dome.  The cost estimate, however, did not capture the complexity 
of the glass panels, which may increase the labor costs, but the marginal cost comparison 
favored the schwedler dome. 
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7.0 Conclusion 
 This project demonstrated the group’s knowledge of civil engineering while also 
dealing with a few unique structural engineering design aspects that could be involved in 
real world applications.  The project allowed each group member to demonstrate and put 
into use the knowledge gained throughout the WPI education process while gaining 
experience working within a team setting.  The project also allowed the group members to 
accomplish independent study on topics not fully covered in WPI courses.  This gave the 
group members valuable practice and knowledge in educational application and 
independent study that can be used as the member’s progress into their civil engineering 
careers. The project allows for future investigation, including but not limited to, 
construction management and a fully developed cost estimate.  Mechanical, electrical, or 
fire protection majors could also expand on the project by investigating designs for each of 
their respective areas of expertise.    As with any project, the group anticipated problems 
that arose during the design and analysis process.  The group used personal experience and 
reasoning to guide the group through the problems.  With guidance from the project 
advisor the group completed a thorough analysis and final professional engineering report 
of the building. 
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Appendix A - Project Proposal 
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Appendix B – Building Geometry Procedure 
 
Figure 54 – First Floor Major Exterior and Interior Areas 
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Figure 55 - Second Floor Major Exterior and Interior Areas 
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Figure 56 – First Floor Initial Hand Draw Layout and Geometry 
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Figure 57 - First Floor Initial Hand Draw Layout and Geometry 
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Figure 58 – First Floor First Draft in AutoCAD 
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Figure 59 - Second Floor First Draft in AutoCAD 
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Appendix C – Building Geometry Cost Analysis Excel Sheet 
 
 
Figure 60 – Building Geometry Cost Analysis Excel Sheet Part 1 
 
Figure 61 – Building Geometry Cost Analysis Excel Sheet Part
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Appendix D – Dome Loads 
 
 
Figure 62 – Dome Dead, Imposed, and Snow Loads 
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Figure 63 – Dome Wind Load Case A 
 
 
Figure 64 – Dome Wind Load Case B 
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Figure 65 – Dome Total Loads  
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Appendix E – Building Earthquake and Wind Loads 
 
 
Figure 66 – Earthquake Load Spreadsheet 
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Figure 67 - Wind Load Calculation Spreadsheet 1 of 2 
 
 
Figure 68 - Wind Load Calculation Spreadsheet 2 of 2  
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Appendix F - Steel Design Spreadsheets 
 
Figure 69 - Non-composite Beam Design Spreadsheet Page 1 of 2 
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Figure 70 - Non-composite Beam Design Spreadsheet Page 2 of 2 
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Figure 71 - Composite Beam/Girder Design Spreadsheet Page 1 of 2 
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Figure 72 - Composite Beam/Girder Design Spreadsheet Page 2 of 2 
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Figure 73 - Gravity Column Design Spreadsheet 
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Bolted Connection Design
Girder to Column
Angle Bolted to Beam. Shop Welded to Girder
Beam Properties: W14X22
d= 13.7 in
Fy= 50 ksi
tw= 0.23 in
h/tw= 53.3 < 53.9 Elastic
φ= 1
Factored Load
Vu= 24.78 kips
Beam Shear Capacity
φVn=φ*0.6*FY*tw*d= 94.53 > 24.78 kips
# of Bolts Needed
A325-N Fv= 48 ksi
db= 0.75
Ab= 0.441786
φv= 0.75
φRn=φFv*Ab(N)= 15.90431 k/bolt
# bolts-N= 1.558068 Rounded-> 2
Min. Spacing= 2.25 3*d
Actual Spacing c.c.= 3
Min. Edge Dist.= 1.25 Table 12.3 Structural Steel Design
Edge Dist. y= 2
Edge Dist. x= 1.5 Workable Gage
Bolt Hole= 0.875
Fy= 36
Fu= 58
Angle Connection Plate
Tgirder= 11.625
Minimum Height= 5.8125
Height 7
Width 3
Bolt Bearing
Lc1= edge= 1.59375 in
Lc2= bt bolts= 2.125 in
φb= 0.75
φRn=φ*1.2*Lc1*t*Fu= 83.19375 *t
φRn=φ*1.2*Lc2*t*Fu= 110.925 *t
φRn=φ*2.4*db*t*Fu= 78.3 *t < Governs Both
Bearing Capacity= 156.6 *t
t ≥ 0.158238
Shear Yield
Ag= 7 *t
φy= 0.9
φRn=φ*0.6*Fy*Ag= 136.08 *t
t ≥ 0.182099
Shear Rupture
φr= 0.75
Anv=L-n*de= 5.25
φRn=φ*0.6*Fu*Anv= 137.025 *t
t ≥ 0.180843
Block Shear
Ant= 1.0625 *t
Tension Rupture=Fu*Ant= 61.625 *t
Agv= 5 *t
Shear Yield=0.6*Fy*Agv= 108 *t
Anv= 3.6875 *t
Shear Rupture=0.6*Fu*Anv= 128.325 *t
φRn=φ(TR+SY)= 127.2188 *t
φRn=φ(TR+SR)= 142.4625 *t
t ≥ 0.194783 < Governs
Use : 4x4x1/4  
Figure 74 - Shear Connection Design Spreadsheet 
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Moment Connection Design
Angle Bolted to Girder. Shop Welded to Column
Girder Properties: W21x55
d= 20.8 in
Fy= 50 ksi
tw= 0.375 in
h/tw= 50 < 53.9 Plastic
T= 18.375 in
bf= 8.25 in
tf= 0.522 in
Workable Gage= 5.5 in
Sx= 110 in^3
φ= 1
Factored Load
Vu= 46.6 kips
Beam Shear Capacity
φVn=φ*0.6*FY*tw*d= 234 > 46.6 kips
# of Bolts Needed
A325-X Fv= 60 ksi
A325-N Fv= 48 ksi
db= 0.75
Ab= 0.441786
φv= 0.75
φRn=φFv*Ab(X)= 19.88039 k/bolt
φRn=φFv*Ab(N)= 15.90431 k/bolt
# bolts-X= 2.344018
# bolts-N= 2.930023 Rounded-> 3
Angle Connection Plate
Tgirder= 18.375
Minimum Height= 9.1875
Height 10
Width 4
Min. Spacing= 2.25 3*d
Actual Spacing c.c.= 3
Min. Edge Dist.= 1.25 Table J3.4
Actual Edge Dist.= 2
Bolt Hole= 0.875
Fy= 36
Fu= 58  
Figure 75 - Moment Connection Design Spreadsheet 1 of 5 
Project #LDA – 1203 
  
 
158 
 
Bolt Bearing
Lc1= edge= 1.5625 in
Lc2= bt bolts= 2.125 in
φb= 0.75
φRn=φ*1.2*Lc1*t*Fu= 81.5625 *t
φRn=φ*1.2*Lc2*t*Fu= 110.925 *t
φRn=φ*2.4*db*t*Fu= 78.3 *t < Governs All 3
Bearing Capacity= 234.9 *t
t ≥ 0.198382
Shear Yield
Ag= 10 *t
φ= 0.9
φRn=φ*0.6*Fy*Ag= 194.4 *t
t ≥ 0.239712
Shear Rupture
φr= 0.75
Anv=L-n*de= 7.375
φRn=φ*0.6*Fu*Anv= 192.4875 *t
t ≥ 0.242094 < Governs
Block Shear
Ant= 1.5625 *t
Tension Rupture=Fu*Ant= 90.625 *t
Agv= 8 *t
Shear Yield=0.6*Fy*Agv= 172.8 *t
Anv= 5.8125 *t
Shear Rupture=0.6*Fu*Anv= 202.275 *t
φRn=φ(TR+SY)= 263.425 *t
φRn=φ(TR+SR)= 292.9 *t
t ≥ 0.1769
Use : 4x4x1/4
Beam Web Properties: W21x55
d= 20.8 in
Fy= 50 ksi
Fu= 65 ksi
tw= 0.375 in
φ= 1
Spacing= 3
Edge Distance= 2
Bolt hole= 0.875
Bolt Bearing in Web
Lc1= edge= 1.5625 in
Lc2= bt bolts= 2.125 in
φb= 0.75
φRn=φ*1.2*Lc1*tw*Fu= 34.27734 < Governs Top
φRn=φ*1.2*Lc2*tw*Fu= 46.61719
φRn=φ*2.4*db*tw*Fu= 32.90625 <  Governs Bottom 3
Bearing Capacity= 132.9961 > 46.6  
Figure 76 - Moment Connection Design Spreadsheet 2 of 5 
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Flange Connection Design
Beam Flange Properties: W21x55
d= 20.8 in
Fy= 50 ksi
Fu= 65 ksi
tf= 0.522 in
bf= 8.25 in
Workable Gage= 5.5 in
φ= 1
Mu= 377 k*ft
C=T= 18.59158 k
φt= 0.9
# of Bolts Needed
A325-X Fv= 60 ksi
A325-N Fv= 48 ksi
db= 0.625
Ab= 0.306796
φv= 0.75
φRn=φFv*Ab(X)= 13.80583 k/bolt
φRn=φFv*Ab(N)= 11.04466 k/bolt
# bolts-X= 1.346647
# bolts-N= 1.683309 Rounded-> 2
Tension Flange Plate
Length 4 in
Width=bf= 8.25 in
Min. Spacing= 1.875 3*d
Actual Spacing c.c.= 5.5 Gage
Min. Edge Dist.= 0.875 Table 12.3 Structural Steel Design
Actual Edge Dist. 1= 1.625
Actual Edge Dist. 2= 1
Bolt Hole= 0.75
Fy= 36
Fu= 58
Bolt Bearing/Tearing
Lc1= edge= 1 in
φb= 0.75
φRn=φ*1.2*Lc1*t*Fu= 52.2 *t < Governs
φRn=φ*2.4*db*t*Fu= 65.25 *t
Bearing Capacity= 104.4 *t
t ≥ 0.17808 < Governs
Yield on Gross Area
Ag= 8.25 *t
φ= 0.9
φRn=φ*Fy*Ag= 267.3 *t
t ≥ 0.069553
Rupture on Net Area
φr= 0.75
Anv=b-n*de= 6.75
φRn=φ*Fu*Anv= 293.625 *t
t ≥ 0.063317  
Figure 77 - Moment Connection Design Spreadsheet 3 of 5 
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Block Shear-1
Ant= 4.75 *t
Tension Rupture=Fu*Ant= 275.5 *t
Agv= 4 *t
Shear Yield=0.6*Fy*Agv= 86.4 *t
Anv= 3.25 *t
Shear Rupture=0.6*Fu*Anv= 113.1 *t
φRn=φ(TR+SY)= 271.425 *t
φRn=φ(TR+SR)= 291.45 *t
t ≥ 0.068496
Block Shear-2
Ant= 2.5 *t
Tension Rupture=Fu*Ant= 145 *t
Agv= 4 *t
Shear Yield=0.6*Fy*Agv= 86.4 *t
Anv= 3.25 *t
Shear Rupture=0.6*Fu*Anv= 113.1 *t
φRn=φ(TR+SY)= 231.4 *t
φRn=φ(TR+SR)= 258.1 *t
t ≥ 0.060258
t= 0.1875
Check Tension Flange: W21x55
d= 20.8 in
Fy= 50 ksi
Fu= 65 ksi
tf= 0.522 in
bf= 8.25 in
Sx= 110 in^2
φ= 1
Spacing= 5.5 in
Edge Distance= 1.625 in
de= 0.75 in
Tension Rupture Check
Afn=tf(bf-2de) 3.5235 in^2
Afg=bf*tf= 4.3065 in^2
Yb= 1 (LRFD)
Fu*Afn= 229.0275
Yb*Fy*Afg= 215.325 < 229.0275
Tension Rupture Does not need to be Considered.
φ= 0.9
φMn=φ(Fu*Afn)/Afg*Sx= 1545.936
Mu= 377 < 1545.93563  
Figure 78 - Moment Connection Design Spreadsheet 4 of 5 
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Bolt Bearing/Tearing
Lc1= edge= 1.625 in
Lc2= bt bolts= N/A in
φb= 0.75
φRn=φ*1.2*Lc1*tf*Fu= 49.62263
φRn=φ*1.2*Lc2*tf*Fu= #VALUE!
φRn=φ*2.4*db*tf*Fu= 45.8055 < Governs
Bearing Capacity= 91.611 > 18.5915771
Block Shear
Ant= 1.6965 in^2
Tension Rupture=Fu*Ant= 110.2725
Agv= 2.088 in^2
Shear Yield=0.6*Fy*Agv= 62.64
Anv= 1.044 in^2
Shear Rupture=0.6*Fu*Anv= 40.716
φRn=φ(TR+SY)= 129.6844 > 18.5915771
φRn=φ(TR+SR)= 113.2414 > 18.5915771
Tension Flange has adequate strength.
Compression Flange Plate Design
Use same design as tension flange for consistency.
Length 4 in
Width=bf= 8.25 in
Spacing c.c.= 5.5 in
Edge Dist. 1= 1.625 in
Edge Dist. 2= 1 in
Bolt Hole= 0.75 in
Fy= 36 ksi
Fu= 58 ksi
E= 29000 ksi
t= 0.1875 in
Local Buckling Checks
Stiffened:
b= 5.5
t= 0.1875
b/t= 29.33333
Limit=1.49*sqrt(E/fy) 42.28964 > 29.3333333
Unstiffened:
b= 1.375
t= 0.1875
b/t= 7.333333
Limit=0.56*sqrt(E/fy) 15.89409 > 7.33333333
No local plate buckling.
Compression Plate Buckling
L= 1.625 in
r=sqrt(t^2/12) 0.054127 in
K= 0.65
KL/r= 19.51444 < 25
Ag=t*b= 1.546875
φ= 0.9
φPn=φFy*Ag= 50.11875 > 18.5915771  
Figure 79 - Moment Connection Design Spreadsheet 5 of 5 
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Scheme 1 Short Side
Loads From Risa under Governing Load Combinations
Column 1 Column 2 Beam 1 Beam 2
Gravity
Load
Earthqua
ke
Load
Gravity
Load
Earthqua
ke
Load
Gravity
Load
Earthqua
ke
Load
Gravity
Load
Earthqua
ke
Load
Axial Force (K) 264.3 24.3 Axial Force (K) 147.3 -24.3 Axial Force (K) 41 12.5 Axial Force (K) -7 25.4
38.4 10.3 34.8 -10.26
M1 -100.7 -277.5 M1 99.7 -281.2 154.6 206.1 495 150.6
M2 239.5 102.3 M2 -240.5 103.4 Moment (K-ft) 154.9 -207.2 Moment (K-ft) 495.8 -151.4
M1 -255.5 -103.8 M1 255.2 -103.8
M2 154.6 150.6 M2 -154.9 151.4
First Story Column Second Story Column
L(ft)= 10 L(ft)= 10
Lateral deflection (story drift) Lateral deflection (story drift) 
design: ΔH= 0.6 design: ΔH= 0.6
ΣH(lateral load)(k)= 71.65826 ΣH(lateral load)(k)=49.84922
Rm= 0.85 Moment Frame Rm= 0.85 Moment Frame
ΣPe2 Required= 12181.9 ΣPe2 Required=8474.368
ΔH(in)= ΔH(in)=
Amplifier B2: Amplifier B2:
Total elastic buckling load for the story=Pe2 Total elastic buckling load for the story=Pe2
ΣPe2= 12181.9 ΣPe2= 8474.368
ΣPnt= 411.6 ΣPnt= 73.2
B2= 1.034969 >=1 α= 1 B2= 1.008713 >=1 α= 1
1 (LRFD) 1 (LRFD)
Amplifier B1: Amplifier B1:
Cm= 0.961502 M1= 341.8 Cm= 1.070904 M1= 305.2
M2= -378.2 M2= -359.3
Pr= 289.4498 Pr= 48.78974
Pe1= 29416.9 E(ksi)= 29000 Pe1= 29416.85 E(ksi)= 29000
I(in^4)= 1480 I(in^4)= 1480
K1= 1 K1= 1
B1= 1.066434 >=1 L= 10 B1= 1.088966 >=1 L= 10
1 1
Required second-order strength values <Governs Required second-order strength values
Pr= 289.4498 Pr= 48.78974
Mr= 394.5939 Mr= 382.9351
> H1-1a (Pr/Pc)+(8/9)((Mrx/Mcx)+(Mry/Mcy))
Pr/Pc= 0.298387 < 0.2 < H1-1b (Pr/2Pc)+((Mrx/Mcx)+(Mry/Mcy))
W24x76
H1-1a= 0.882971 < 1 Pc= 970.0482 A= 22.4 Lc= 10 Fe= 545.3048
H1-1b= 0.80685 < 1 Mc= 600 rx= 9.69 Ic= 2100 Fy= 50
^ Table 3-2G= 8.445933014 Lg= 29.42 W21x44 φc= 0.9
k= 1.85 Ig= 1463 Fcr= 48.11747
λ= 22.91021672 < 113.4
 
Figure 80 - Rigid Frame Design Spreadsheet 1 of 3 
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Column 1 Column 2
Gravity
Load
Earthqua
ke
Load
Gravity
Load
Earthqua
ke
Load
Axial Force (K) 264.3 24.3 Axial Force (K) 147.3 -24.3
38.4 10.3 34.8 -10.26
M1 -100.7 -277.5 M1 99.7 -281.2
M2 239.5 102.3 M2 -240.5 103.4
M1 -255.5 -103.8 M1 255.2 -103.8
M2 154.6 150.6 M2 -154.9 151.4
First Story Column Second Story Column
L(ft)= 10 L(ft)= 10
Lateral deflection (story drift) Lateral deflection (story drift) 
design: ΔH= 0.6 design: ΔH= 0.6
ΣH(lateral load)(k)= 71.65826 ΣH(lateral load)(k)=49.84922
Rm= 0.85 Moment Frame Rm= 0.85 Moment Frame
ΣPe2 Required= 12181.9 ΣPe2 Required=8474.368
ΔH(in)= ΔH(in)=
Amplifier B2: Amplifier B2:
Total elastic buckling load for the story=Pe2 Total elastic buckling load for the story=Pe2
ΣPe2= 12181.9 ΣPe2= 8474.368
ΣPnt= 411.6 ΣPnt= 411.6
B2= 1.034969 >=1 α= 1 B2= 1.051049 >=1 α= 1
1 (LRFD) 1 (LRFD)
Amplifier B1: Amplifier B1:
Cm= 0.297851 M1= -137.1 Cm= 0.609247 M1= -3.5
M2= -181.5 M2= 151.4
Pr= 122.1502 Pr= 24.01623
Pe1= 16755.68 E(ksi)= 29000 Pe1= 16755.68 E(ksi)= 29000
I(in^4)= 843 I(in^4)= 843
K1= 1 K1= 1
B1= 0.321272 >=1 L= 10 B1= 0.618106 >=1 L= 10
1 1
Required second-order strength values Required second-order strength values
Pr= 122.1502 Pr= 24.01623
Mr= 191.3334 <Governs Mr= 146.1011
> H1-1a (Pr/Pc)+(8/9)((Mrx/Mcx)+(Mry/Mcy))
Pr/Pc= 0.30096 > 0.2 < H1-1b (Pr/2Pc)+((Mrx/Mcx)+(Mry/Mcy))
W24x76
Modified H1-1a= 0.983988 < 1 Pc= 405.8693 A= 10.3 Lc= 10 Fe= 157.6161
Modified H1-1b= 0.918887 < 1 Mc= 249 rx= 7.04 Ic= 2100 Fy= 50
^ Table 3-2G= 8.445933014 Lg= 29.42 W21x44 φc= 0.9
k1= 2.5 Ig= 1463 Fcr= 43.78309
λ= 42.61363636 < 113.4
Beam 1 Beam 2
Gravity
Load
Earthqua
ke
Load
Gravity
Load
Earthqua
ke
Load
Axial Force (K) 42 12.5 Axial Force (K) -11.1 25.4
171.2 206.1 452.5 150.6
Moment (K-ft) 165.4 -207.2 Moment (K-ft) 495.6 -151.4
Beam 2 Beam 1
W21x55 W21x44
L(ft)= 29.4 L(ft)= 29.4
Pr= 54.5 Pc= 634.5 Ag= 14.1 Pr= 14.3 Pc= 904.5 Ag= 20.1
Mr= 377.3 Mc= 398 Fy= 50 Mr= 603.1 Mc= 664 Fy= 50
φc= 0.9 φc= 0.9
Pr/Pc= 0.085894 > 0.2 Pr/Pc= 0.01581 > 0.2
H1-1a= 0.928552 < 1 H1-1a= 0.823173 < 1
H1-1b= 0.990937 < 1 H1-1b= 0.916188 < 1  
Figure 81 - Rigid Design Spreadsheet 2 of 3 
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Check Stiffness and Sway E= 29000
1st story Lc= 10 W24x76
ΔH(in) / Floor= 0.3 ΣPe2 Required= 12,181.90 Ic= 2100
ΔH(in)= 0.6 ΣPe2 Actual= 24,391.64 > 12,181.90 Lg= 29.4 W21x44 PNA=6
Ig= 1463
RISA Results G2= 8.440191388 G1= 1
k1= 1.85
ΔH(in) 1 = 0.391 2nd story First Story
ΔH(in) 2 = 0.588 2nd Story Lc= 10 W24x76 Lc= 10 W24x76
ΔH(in) Total= 0.979 ΣPe2 Required= 8,474.37 Ic= 2100 Ic= 2100
ΣPe2 Actual= 13,356.86 > 8,474.37 Lg= 29.4 W21x55 Lg= 29.4 W21x44
Ig= 1140 Ig= 1463 PNA=6
Amplified Deflection G2= 5.415789474 G1= 8.440191
δx1= 1.564 < 2.4
δx2= 2.352 < 2.4 k1= 2.5
δxT= 3.916 < 4.8
Cd= 4
I= 1
h(in)= 120
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Braced Frame Design
Risa Results:
Axial Moment
Column 1 167.9
Column 2 193.54
Beam 1 -2.63 207.8
Beam 2 18.28 62.14
Bracing 1 49.31
1A -33.42
Bracing 2 36.46
2A -21.1
Beam 2 Beam 1
W14x22 W18x35
L(ft)= 17.33 L(ft)= 17.33
Pr= 18.28 Pc= 292.05 Ag= 6.49 Pr= 2.63 Pc= 607.5 Ag= 13.5
Mr= 62.14 Mc= 125 Fy= 50 Mr= 207.8 Mc= 249 Fy= 50
φc= 0.9 φc= 0.9
Pr/Pc= 0.062592 < 0.2 Pr/Pc= 0.004329 < 0.2
H1-1a= 0.504476 < 1 H1-1a= 0.746141 < 1
H1-1b= 0.528416 < 1 H1-1b= 0.836703 < 1
Level 1 Bracing Design
Pr= 49.31 kips
L= 18.0625 ft
Lb= 9.03125 ft
KL= 9.03125 ft
E= 29000 ksi
Required Bracing Stiffness
Φ= 0.75
βbr=(8*Pr)/(φLb)= 4.853272 k/in
Required Stiffness I
βbr=48EI/L^3
I=βbr*L^3/48E= 35.50363 in^4
I (in^4) lbs/ft
L7x4x3/4" 26.2 23 AISC Manual Table 1-7
Check compression strength
rx= 2.21
L/rx= 4.086538 < 80
KL/r=72+1.25*L/rx= 75.0649 < 113.4
Fy= 36 ksi
E= 29000 ksi
A= 7.69 in^2
φc= 0.9
Fe= 50.79534
Fcr= 26.75928
φcPn= 185.201 > 49.31
Bolt Design
Pbr=0.01Pr= 0.4931 kips
5/8" A307
φrn= 10.4 kips
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Level 2 Bracing Design
Pr= 36.46 kips
L= 18.0625 ft
Lb= 9.03125 ft
KL= 9.03125 ft
E= 29000 ksi
Required Bracing Stiffness
Φ= 0.75
βbr=(8*Pr)/(φLb)= 3.588527 k/in
Required Stiffness I
βbr=48EI/L^3
I=βbr*L^3/48E= 26.25151 in^4
I (in^4) lbs/ft
L6x4x7/8" 27.7 27.2 AISC Manual Table 1-7
Check compression strength
rx= 2.23
L/rx= 8.099776 < 80
KL/r=72+1.25*L/rx= 78.07483 < 113.4
Fy= 36 ksi
E= 29000 ksi
A= 6.48 in^2
φc= 0.9
Fe= 46.95433
Fcr= 26.11775
φcPn= 152.3187 > 26.2
Bolt Design
Pbr=0.01Pr= 0.3646 kips
5/8" A307
φrn= 10.4 kips
Connection Plate To Column
Vu= 42.7 kips
# of Bolts Needed
A325-X Fv= 60 ksi
A325-N Fv= 48 ksi
db= 1.25
Ab= 1.227185
φv= 0.75
φRn=φFv*Ab(X)= 55.22331 k/bolt
φRn=φFv*Ab(N)= 44.17865 k/bolt
# bolts-X= 0.773224
# bolts-N= 0.96653 Rounded-> 1
Angle Connection Plate
Height 7
Width 6
Min. Spacing= 3.75 3*d
Actual Spacing c.c.=N/A
Min. Edge Dist.= 2.5 Table 12.3 Structural Steel Design
Edge-Center= 3.5
Edge Dist. y= 2.8125
Workable Gage= 3.5 Table 1-7 Structural Steel Design
Edge Dist. x= 2.5
Bolt Hole= 1.375
Fy= 36
Fu= 58
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Bolt Bearing
Lc1= edge= 2.8125 in
Lc2= bt bolts= #VALUE! in
φb= 0.75
φRn=φ*1.2*Lc1*t*Fu=146.8125 *t
φRn=φ*1.2*Lc2*t*Fu=#VALUE! *t
φRn=φ*2.4*db*t*Fu= 130.5 *t < Governs
Bearing Capacity= 130.5 *t
t ≥ 0.327203 < Governs
Shear Yield
Ag= 7 *t
φy= 0.9
φRn=φ*0.6*Fy*Ag= 136.08 *t
t ≥ 0.313786
Shear Rupture
φr= 0.75
Anv=L-n*de= 5.625
φRn=φ*0.6*Fu*Anv=146.8125 *t
t ≥ 0.290847
Block Shear
Ant= 2.125 *t
Tension Rupture=Fu*Ant=123.25 *t
Agv= 2.8125 *t
Shear Yield=0.6*Fy*Agv=60.75 *t
Anv= 2.8125 *t
Shear Rupture=0.6*Fu*Anv=97.875 *t
φRn=φ(TR+SY)= 138 *t
φRn=φ(TR+SR)= 165.8438 *t
t ≥ 0.30942
Use : 6x6x3/8
Column Design
Pu= 193.54 kips
KL= 10 ft
Min. Face Width= 14.375
HSS16x8x1/4
φPn= 322 kips AISC Manual Table 4-12 
Figure 85 - Braced Frame Design Spreadsheet 3 of 3
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Appendix G – Concrete Design Spreadsheets 
 
 
Figure 86 - Concrete Slab Design Spreadsheet 
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Figure 87 – Beam Design Spreadsheet 1 of 2 
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Figure 88 - Beam Design Spreadsheet 2 of 2 
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Figure 89 - Girder Design Spreadsheet 1 of 2 
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Figure 90 - Girder Design Spreadsheet 2 of 2 
Project #LDA – 1203 
  
 
173 
 
 
Figure 91 - Column Design Spreadsheet 
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Appendix H – Concrete Design Cost Analysis Spreadsheets 
 
 
Figure 92 – Concrete Floor Slab Cost Analysis Spreadsheet Example 
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Figure 93 – Concrete Cost Analysis Spreadsheet 1 of 4 
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Figure 94 – Concrete Cost Analysis Spreadsheet 2 of 4 
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Figure 95 – Concrete Cost Analysis Spreadsheet 3 of 4 
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Figure 96 – Concrete Cost Analysis Spreadsheet 4 of 4 
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Appendix I – Steel Design Cost Analysis Spreadsheets 
Scheme 1 - Cost Analysis - Open Web Joist
Beams
Beam # Total # Beams Length (ft) Total Length (ft) Section Type Weight (lb/ft) Total # Tons Cost per Ton Total Cost
1, 7, 8, 14, 29, 35, 36, 42 8 20.75 166 16K4 7 0.6391 3,769.00$     2,408.77$    
15, 21, 22, 28 4 17.33 69.32 16k2 5.5 0.209693 3,769.00$     790.33$       
2, 3, 4, 5, 6, 9, 10, 11, 12, 13, 30, 31, 32, 33, 34, 37, 38, 39, 40, 41 20 20.75 415 16k4 7 1.59775 3,769.00$     6,021.92$    
16, 17, 18, 19, 20, 23, 24, 25, 26, 27 10 17.33 173.3 16k2 5.5 0.5242325 3,769.00$     1,975.83$    
43, 44, 45, 46, 47, 48 6 10.875 65.25 8k1 0 0 3,769.00$     -$              
43, 54, 62, 73 4 20.75 83 18k4 7.2 0.32868 3,769.00$     1,238.79$    
55, 61 2 17.33 34.66 18k3 6.6 0.1258158 3,769.00$     474.20$       
44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72 52 20.75 1079 18k4 7.2 4.27284 3,769.00$     16,104.33$ 
56, 57, 58, 59, 60, 78 12 17.33 207.96 18k3 6.6 0.7548948 3,769.00$     2,845.20$    
74, 76 2 8.33 16.66 W8x10 10 0.095795 3,769.00$     361.05$       
75, 77 2 8.33 16.66 W8x10 10 0.095795 3,769.00$     361.05$       
78,79 2 8.33 16.66 W8x10 10 0.095795 3,769.00$     361.05$       
Total 32,942.53$ 
Girder # Total # Girders Length Total Length (ft) Section Type Weight (lb/ft) Total # Tons Cost per Ton Total Cost
1, 2, 3, 4, 13, 14, 15, 16 8 25 200 0 -$               -$              
5, 6, 7, 8, 9, 10, 11, 12 8 25 200 0 -$               -$              
17, 20 2 40 80 0 -$               -$              
18, 19 2 40 80 0 -$               -$              
21, 22, 23, 24, 33, 34, 35, 36 8 25 200 0 -$               -$              
25, 28, 29, 32 4 25 100 0 -$               -$              
26, 27 2 25 50 0 -$               -$              
30, 31 2 25 50 0 -$               -$              
38, 41 2 18.833 37.666 0 -$               -$              
37, 40 2 17.333 34.666 0 -$               -$              
39, 42 2 17.333 34.666 0 -$               -$              
43, 44, 45, 46 4 20.75 83 0 -$               -$              
Total From Steel Composite Sheet 46,843.03$ 
Column # Total # Columns Length Total Length (ft) Section Type Weight (lb/ft) Total # Tons Cost per Ton Total Cost
A1, A4, F1, F4 4 20 80 HSS7x7x3/16 17.06 0.88712 3,434.00$     3,046.37$    
A2, A3, F2, F3 2 20 40 HSS7x7x3/16 17.06 0.44356 3,434.00$     1,523.19$    
B1, B4, E1, E4 4 20 80 HSS7x7x3/16 17.06 0.88712 3,434.00$     3,046.37$    
B3, E3 2 20 40 HSS8x8x1/4 25.79 0.67054 2,637.00$     1,768.21$    
C1, C4, D1, D4 4 20 80 HSS7x7x3/16 17.06 0.88712 3,434.00$     3,046.37$    
C2, C3, D2,D3 4 20 80 HSS16x8x1/4 39.48 2.05296 2,463.00$     5,056.44$    
A2, B2, F2 4 20 80 W24x68 68 3.536 2,251.00$     7,959.54$    
Total 25,446.49$ 
Braced Frame
Bracing Total # Braces Length Total Length (ft) Section Type Weight (lb/ft) Total # Tons Cost per Ton Total Cost
First Floor 2 19 38 L6x4x7/8 27.2 0.67184 2,044.00$     1,373.24$    
Second Floor 2 19 38 L7x4x3/4 26.2 0.64714 2,044.00$     1,322.75$    
2,696.00$    
Total Cost
Overall Total 107,928.05$       
Figure 97 - Steel Cost Analysis Spreadsheet 
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Appendix J- Curtain Wall Mullion Design 
 
Figure 98 - Mullion Design Calculations 
Project #LDA – 1203 
  
 
181 
 
Appendix K- Foundation Design Spreadsheets 
BEARING CAPACITY OF SHALLOW FOUNDATIONS
Terzaghi and Vesic Methods
Date April 18, 2012
Identification MQP
Input Results
Units of Measurement Terzaghi Vesic
E SI or E Bearing Capacity
q ult = 29,632 lb/ft^2 32,662 lb/ft^2
Foundation Information q a = 14,816 lb/ft^2 16,331 lb/ft^2
Shape SQ SQ, CI, CO, or RE
B = 15.5 ft Allowable Column Load
L = ft P = 3,560 k 3,924 k
D = 4 ft
Soil Information
c = 0 lb/ft^2
phi = 32 deg
gamma = 126 lb/ft^3
Dw = 10 ft
Factor of Safety
F = 2
Copyright 2000 by Donald P. Coduto  
Figure 99 - Bearing Capacity Spreadsheet 
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Spread Footing Design
Column F2
Pu= 23.547 (k)
Mu= 202.58 (ft*k)
Size= 18"x18"
Reinforcing= Use two No. 4 (No. 12) and ten No. 9 (No. 29) bars and
A1= 2.25 ft^2
A2= 9 ft^2
3
Pedistal= 3'x3' ft
Height= 4 ft
Spread Footing
wf= 59.45625 k
e=(M/P+wf)= 2.440627325
Design B so that entire footing is under compression.
B=e*6= 14.64376395 ft
rounded -> 15.5 ft
A= 31 ft^2
q'min= 10.41427836 k/ft^2
10414.27836 psf
Actual q= Terzaghi's Method Spreadsheet
14816 psf > 10414.28  
Figure 100 - Spread Footing Design Spreadsheet 
 
